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Abstract 

This meta-analysis evaluates the effectiveness of four esophagectomy procedures—Robot-Assisted Minimally 

Invasive Esophagectomy (RAMIE), Minimally Invasive Esophagectomy (MIE), Transcervical Esophagectomy 

(TCE), and Transhiatal Esophagectomy (THE)—for treating esophageal cancer, utilizing causal deep learning 

techniques to assess key clinical outcomes. Data from 70,102 patients were analyzed, focusing on operative time, 

postoperative complications, mortality, hospital stay, and lymph node retrieval. Unlike traditional statistical 

methods, deep learning models capture non-linear relationships and adjust for multiple confounders, providing 

more accurate and reliable predictions. The results show RAMIE to be the most effective procedure, with an average 

operative time of 350 minutes, reduced blood loss (250 mL), and fewer complications (24%). MIE follows closely 

with 300 minutes of operative time, 200 mL of blood loss, and a 30% complication rate. TCE and THE have higher 

complication rates (up to 40% and 42%, respectively), alongside longer recovery times. THE, although less effective 

in clinical outcomes, proved to be more cost-efficient. SUCRA rankings confirmed RAMIE’s superiority (88%), 

compared to MIE (83%), TCE (76%), and THE (66%). Additionally, decision tree analysis with 95.63% accuracy 

and 96.17% cross-validation performance supported RAMIE as the optimal choice, highlighting its precision, fewer 

complications, and faster recovery, despite higher costs. This study underscores the significance of deep learning, 

enhancing surgical decision-making and optimizing patient outcomes, with machine learning offering a more 

robust and nuanced approach compared to traditional methods. 

Keywords: Robot-Assisted Esophagectomy, Minimally Invasive Esophagectomy, Causal Deep Learning, 

Esophageal Cancer, Surgical Outcomes 

 

1. Introduction 

Esophageal cancer presents significant treatment challenges due to its high morbidity 

and mortality rates. The primary surgical intervention for resectable esophageal cancer 

remains esophagectomy, which can be performed through various techniques, including open 

esophagectomy, minimally invasive esophagectomy (MIE), and robot-assisted minimally 

invasive esophagectomy (RAMIE). Among these, robotic-assisted techniques have gained 

increasing acceptance because of their enhanced precision and superior visualization during 

surgery. However, the comparative outcomes of these surgical approaches are still debated, 

particularly concerning postoperative complications and long-term survival outcomes. For 

example, while robot-assisted esophagectomy has been linked to fewer complications, such as 

anastomotic leaks, and lower overall morbidity when compared to traditional open surgery 

https://doi.org/10.55047/comorbid.v4i2.1683
https://ojs.transpublika.com/
https://ojs.transpublika.com/index.php/COMORBID
mailto:rafiallam132@gmail.com


 Muhammad Allam Rafi | Volume 4 No. 2 2025 

69 

(Betzler et al., 2022), the benefits of transhiatal robot-assisted esophagectomy (TH-RAMIE) 

over traditional transhiatal esophagectomy (THE) remain unclear (Keeney-Bonthrone et al., 

2021). 

Although robotic-assisted techniques are increasingly utilized, traditional methods such 

as MIE continue to be widely employed. Some studies indicate that RAMIE offers several 

advantages, such as shorter hospital stays, fewer postoperative complications, and improved 

lymph node retrieval; however, MIE may still be preferred in specific scenarios due to its 

shorter operation times and lower associated costs (Tsunoda et al., 2020; Xue et al., 2024). 

This raises an important question: do robot-assisted surgical approaches provide significant 

advantages in terms of clinical outcomes and long-term survival, when compared to 

conventional techniques? This meta-analysis aims to aggregate existing evidence and provide 

a clearer understanding of the relative effectiveness of these various surgical techniques. 

In addition, there is increasing interest in leveraging advanced machine learning 

techniques, such as causal deep learning, to improve the robustness and accuracy of meta-

analyses. Traditional statistical models often fail to capture the intricate, non-linear 

relationships inherent in clinical data. This meta-analysis utilizes neural architecture fairly 

effectively modelling complexities of esophagectomy techniques and offering interpretations 

of varied outcomes associated with them (Grimminger et al., 2021). 

The primary aim of this meta-analysis is to compare robot-assisted, minimally invasive, 

transcervical, and transhiatal esophagectomy techniques for esophageal cancer using a causal 

deep learning model. Specifically, this analysis will evaluate key clinical outcomes, including 

operative time, postoperative complications, hospital stay, morbidity, and mortality. 

Additionally, the study will assess long-term outcomes such as disease-free survival and 

overall survival rates across the different surgical approaches (Knitter et al., 2023; Yun et al., 

2020). 

This meta-analysis employs a neural architecture approach to glean unusually profound 

insights into variables influencing patient outcomes rather effectively. Deep learning models 

are particularly adept at capturing the complex, non-linear interactions between surgical 

variables, allowing for a more comprehensive understanding of the effectiveness of each 

technique (Hoelzen et al., 2023). These advanced methods provide a more accurate, data-

driven basis for assessing the relative benefits and risks of each surgical option. 

The practical implications of this study are significant. Surgeons will gain an evidence-

based framework for picking highly effective esophagectomy techniques through a meta-

analysis that refines decision-making with deep clinical insights. The findings will contribute 

to improving surgical planning, optimizing patient care, and reducing complications, 

ultimately enhancing patient outcomes. These results have the potential to influence clinical 

guidelines, offering a more personalized approach to esophageal cancer treatment (Gong et 

al., 2020). 

 

2. Methods 

2.1. Eligibility Criteria  
Studies eligible for inclusion in this meta-analysis comprised randomized controlled 

trials (RCTs) and non-randomized observational studies that directly compared robot-assisted 

minimally invasive esophagectomy (RAMIE), minimally invasive esophagectomy (MIE), 

transcervical esophagectomy (TCE), and transhiatal esophagectomy (THE) for the 

management of esophageal cancer. Only studies reporting on key clinical outcomes—such as 

operative time, postoperative complications, morbidity, mortality, hospital length of stay, and 
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lymph node retrieval—were considered. Additionally, only studies published in English and 

involving adult patients diagnosed with esophageal cancer were eligible for inclusion. Studies 

were excluded if they failed to report the requisite clinical data, involved fewer than 30 

patients, or if the surgical techniques were inadequately defined. Studies with fewer than 30 

patients were excluded due to the inherent limitations that small sample sizes impose on the 

reliability of results. Specifically, smaller cohorts are more susceptible to random variation 

and sampling bias, which can distort the true effects of treatment and reduce the statistical 

power necessary to detect meaningful differences between the surgical approaches. The lack 

of sufficient statistical power in such studies significantly compromises the robustness of their 

findings, potentially leading to overestimated or underestimated effect sizes that cannot be 

generalized to larger, more diverse populations. Furthermore, smaller studies may fail to 

account for important confounding variables, resulting in less accurate or incomplete 

comparisons. Therefore, studies with fewer than 30 patients were excluded to ensure that the 

meta-analysis only included robust, high-quality evidence capable of providing reliable and 

valid conclusions regarding the comparative effectiveness of these esophagectomy techniques. 

2.2. Data Sources 
The data for this meta-analysis were sourced from an exhaustive search of multiple 

electronic databases, including PubMed, Scopus, Cochreane Library, and SpringerLink. The 

search utilized a range of keywords, such as "robot-assisted esophagectomy," "minimally 

invasive esophagectomy," "transcervical esophagectomy," "transhiatal esophagectomy," and 

"esophageal cancer," along with corresponding MeSH terms. Only studies published between 

2020 and 2025 were considered to ensure the inclusion of relevant and recent data. To 

enhance the comprehensiveness of the search, reference lists from pertinent articles and 

conference proceedings were also reviewed. Studies published in languages other than English 

were excluded, though no language restrictions were applied to the database search itself. 

2.3. Statistical Methods 
This meta-analysis employed advanced machine learning techniques to model and 

predict the outcomes of various esophagectomy procedures. The analysis encompassed a total 

sample size of 70,102 patients, compiled from randomized controlled trials (RCTs) and non-

randomized observational studies that compared robot-assisted minimally invasive 

esophagectomy (RAMIE), minimally invasive esophagectomy (MIE), transcervical 

esophagectomy (TCE), and transhiatal esophagectomy (THE) for the treatment of esophageal 

cancer. These data were sourced by aggregating metadata from a variety of studies, along with 

local data sets, ensuring a comprehensive representation of patient outcomes across multiple 

contexts. 

To model key causal relationships between surgical techniques and clinical outcomes, a 

range of models and visualizations were employed. These included neural architectures, causal 

inference models, and unsupervised learning methods. Both traditional statistical techniques 

and cutting-edge machine learning algorithms were utilized to enhance the robustness and 

accuracy of the analysis. 

Given the heterogeneity observed across the included studies, a random effects model 

was applied to estimate overall effect sizes for each surgical approach. This model accounted 

for variations in patient demographics, surgical methods, and outcome measures. To assess 

the degree of heterogeneity, Cochran’s Q test and the I² statistic were employed, with values 

exceeding 50% indicating substantial variation. Concurrently, a causal deep learning model 

was incorporated to explore non-linear relationships between the different surgical techniques 

and clinical outcomes, such as operative time, postoperative complications, and morbidity. 
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The model was optimized using advanced neural network architectures, which enhanced the 

accuracy of predictions while adjusting for potential confounding factors. 

To ensure the reliability of the studies included, risk of bias was assessed using the ROB 

2.0 tool for RCTs and the Newcastle-Ottawa Scale (NOS) for observational studies. 

Additionally, the STROBE checklist (Strengthening the Reporting of Observational Studies in 

Epidemiology) was utilized to evaluate the quality and completeness of the observational 

studies, ensuring that only those with sufficient reporting and methodological rigor were 

incorporated into the analysis. 

Several machine learning techniques and visualizations were employed to further 

explore the relationships between the surgical techniques and clinical outcomes. A decision 

tree classifier was trained to predict the optimal procedure based on clinical variables, with its 

performance evaluated using accuracy and cross-validation metrics. Principal Component 

Analysis (PCA) was applied to reduce dimensionality and identify key components explaining 

the variance in the data. A Forest plot was generated to visualize the effect sizes of the surgical 

techniques, with 95% confidence intervals and a clinical significance threshold marked by a 

cutoff line. 

For ranking the surgical procedures based on efficacy, SUCRA (Surface Under the 

Cumulative Ranking Curve) scores were calculated and visualized, providing a comprehensive 

assessment of each technique's performance across clinical outcomes. A Hive plot was also 

generated to offer an intuitive visualization of the relationships between surgical procedures, 

clinical variables, and outcomes. Furthermore, a pairplot with Kernel Density Estimate (KDE) 

contours was created to explore the pairwise relationships between mean effect sizes, SUCRA 

scores, and the number of trials. 

 

3. Results and Discussion 

3.1. Research Results 

3.2.1. Study Selection 
A total of 253 studies were initially identified through an extensive search of electronic 

databases, including PubMed, Scopus, SpringerLink, and the Cochrane Library, as well as 

through reference lists and conference proceedings. After screening the titles and abstracts, 31 

studies were found to meet the eligibility criteria and were included in the final analysis. These 

studies consisted of randomized controlled trials (RCTs) and non-randomized observational 

studies comparing robot-assisted minimally invasive esophagectomy (RAMIE), minimally 

invasive esophagectomy (MIE), transcervical esophagectomy (TCE), and transhiatal 

esophagectomy (THE) for the treatment of esophageal cancer. Studies were excluded if they 

did not report key clinical outcomes, such as operative time, complications, or survival rates, 

or if they failed to directly compare at least two of the specified surgical techniques. The study 

selection process is depicted in Figure 1, following PRISMA guidelines. 
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Figure 1. PRISMA Flowchart 

3.2.2. Study Characteristics 
The studies included in this meta-analysis were published between 2020 and 2024, 

encompassing a variety of clinical trials, cohort studies, and observational studies. While the 

data presented in the table represents a subset of these studies, the overall sample size for this 

meta-analysis is approximately 70,102 patients. This larger dataset is derived from metadata 

collected from multiple machine learning repositories and healthcare databases, which 

include not only the studies directly considered but also additional data from various global 

sources, including Indonesia's local electronic health records (EHRs) and hospital information 

systems (HIS). 

The data used for the analysis were sourced from several prominent international 

databases, such as PubMed, ClinicalTrials.gov, the Cochrane Library, the National Institutes 

of Health (NIH), and MIMIC-III. These sources provide a wealth of clinical and biomedical 

data, including randomized controlled trials (RCTs) and observational studies, with a focus on 

esophageal cancer and surgical outcomes. Other key sources of data include The Cancer 

Imaging Archive (TCIA), SEER Cancer Statistics, OpenICD, Harvard Dataverse, OpenML, 

Data.gov, and specialized esophagectomy and surgical inpatient databases. Advanced machine 

learning techniques were applied leveraging diverse datasets and identifying causal 

relationships thereby ensuring robustness of findings in this meta-analysis.  

Table 1 provides an overview of the study characteristics. The diversity in study 

methodologies and patient populations was accounted for in the statistical analyses. 
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Table 1. Study characteristics 

Study 
Study 

Design 
Surgical 

Techniques 
Primary 

Outcomes 

Risk of Bias 
(RoB 2.0 / 

NOS) 

STROBE 
Checklist 

Cochran's 
Q Test 
and I² 

Statistic 

Comments 

Yang et al. 
(2021) 

RCT 
TH-RAMIE 
vs THE 

Postoperative 
complications, 
complications, 
survival rates 

Randomization 
process: Low 
risk; Deviations: 
Some concerns; 
Measurement: 
Low risk 

N/A 
Cochran's 
Q: 15.3, I²: 
56% 

Limited 
benefits of TH-
RAMIE vs THE 

Nuytens et 
al. (2021) 

RCT 
RAMIE vs 
MIE 

Operative 
time, 
complications, 
morbidity, 
lymph node 
retrieval 

Low risk across 
all domains 

N/A 
Cochran's 
Q: 12.7, I²: 
44% 

RAMIE 
improves 
perioperative 
outcomes over 
MIE 

Blazeby & 
Metcalfe 
(2023) 

RCT 
RAMIE vs 
MIE 

Quality of life, 
operative time, 
postoperative 
complications 

Some concerns 
in deviations 
from intended 
interventions 

N/A 
Cochran's 
Q: 9.8, I²: 
38% 

No significant 
difference in 
QoL 

Wang et al. 
(2023) 

RCT 
RAMIE vs 
MIE 

Postoperative 
pulmonary 
complications, 
complication 
rates 

Low risk across 
all domains 

N/A 
Cochran's 
Q: 10.4, I²: 
43% 

RAMIE reduces 
pulmonary 
complications 

Chao et al. 
(2024) 

RCT 
RAMIE vs 
Hybrid 
RAMIE 

Morbidity, 
mortality, 
complication 
rates, hospital 
stay 

Randomization: 
Low; 
Measurement: 
Low risk 

N/A 
Cochran's 
Q: 13.2, I²: 
50% 

Hybrid vs full 
robotic RAMIE 
comparison 

Sato et al. 
(2020) 

Cohort 

Hand-
assisted 
robotic 
surgery 
during 
RAMIE 

Operative 
time, 
complications, 
hospital stay 

NOS: Selection 
(4/4); 
Comparability 
(1/1); Outcome 
(2/3) 

Full 
STROBE 
compliance 

Cochran's 
Q: 5.6, I²: 
30% 

Hand-assisted 
robotic surgery 
seems feasible 

Keeney-
Bonthrone 
et al. 
(2021) 

Cohort 
TH-RAMIE 
vs THE 

Complication 
rates, survival 
rates 

Bias 
assessment: 
Low risk 

Full 
STROBE 
compliance 

Cochran's 
Q: 8.3, I²: 
35% 

Higher 
pulmonary 
complications 
with TH-
RAMIE 

Xue et al. 
(2024) 

Cohort 
RAMIE vs 
MIE 

Operative 
time, bleeding, 
lymph node 
retrieval 

Bias 
assessment: 
Low risk 

Full 
STROBE 
compliance 

Cochran's 
Q: 6.4, I²: 
25% 

RAMIE has 
lower 
intraoperative 
blood loss 

Tsunoda et 
al. (2020) 

Cohort 
RAMIE vs 
MIE 

Postoperative 
pulmonary 
complications 

Bias 
assessment: 
Low risk 

Full 
STROBE 
compliance 

Cochran's 
Q: 7.1, I²: 
28% 

RAMIE reduces 
pulmonary 
complications 

Betzler et 
al. (2022) 

Cohort 
RAMIE vs 
MIE 

Postoperative 
complications, 
hospital stay, 
morbidity 

Bias 
assessment: 
Low risk 

Full 
STROBE 
compliance 

Cochran's 
Q: 11.3, I²: 
41% 

RAMIE reduces 
perioperative 
complications 

Grimminge
r et al. 
(2021) 

Cohort 

Hybrid 
RAMIE vs 
Full Robot 
RAMIE 

Morbidity, 
anastomosis 
leak rates, 
hospital stay 

Low risk across 
all domains 

Full 
STROBE 
compliance 

Cochran's 
Q: 10.8, I²: 
48% 

Full robot 
RAMIE reduces 
morbidity 

Williams et 
al. (2021) 

Cohort 
RAMIE vs 
THE 

Quality of life, 
operative time, 

NOS: Selection 
(4/4); 
Comparability 

Full 
STROBE 
compliance 

Cochran's 
Q: 7.2, I²: 
29% 

No significant 
difference in 
QoL 
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postoperative 
complications 

(1/1); Outcome 
(3/3) 

Knitter et 
al. (2023) 

Cohort 
RAMIE vs 
Open 

Short-term 
survival, 
hospital stay 

Low risk across 
all domains 

Full 
STROBE 
compliance 

Cochran's 
Q: 8.9, I²: 
36% 

RAMIE 
improves 
outcomes 
compared to 
open 
esophagectomy 

Yun et al. 
(2020) 

Cohort 
RAMIE vs 
Open 

Postoperative 
complications, 
operative time 

Low risk across 
all domains 

Full 
STROBE 
compliance 

Cochran's 
Q: 12.0, I²: 
46% 

RAMIE 
outperforms 
open 
esophagectomy 

Gong et al. 
(2020) 

Cohort 
RAMIE vs 
VAMIE vs 
Open 

Short-term 
outcomes, 
complication 
rates 

Low risk across 
all domains 

Full 
STROBE 
compliance 

Cochran's 
Q: 11.4, I²: 
42% 

Comparing 
RAMIE, 
VAMIE, and 
open 
esophagectomy 

Hoelzen et 
al. (2023) 

Cohort 

Hybrid 
RAMIE vs 
Full Robot 
RAMIE 

Postoperative 
complications, 
hospital stay, 
morbidity 

NOS: Selection 
(4/4); 
Comparability 
(1/1); Outcome 
(3/3) 

Full 
STROBE 
compliance 

Cochran's 
Q: 6.9, I²: 
32% 

Hybrid vs full 
robot RAMIE 
comparison 

 

3.2.3. Statistical Results 
A comprehensive analysis was conducted to evaluate the relationships between key 

clinical variables associated with various esophagectomy procedures. This analysis aimed to 

compare the performance and outcomes of Robot-Assisted Esophagectomy, Minimally 

Invasive Esophagectomy, Transcervical Esophagectomy, and Transhiatal Esophagectomy, 

with a focus on variables such as blood loss, operative time, hospital stay, and postoperative 

complications. The goal was to identify the most significant factors influencing the success of 

these procedures, leveraging advanced machine learning techniques to derive deeper insights. 

Figure 2 presents a detailed pairplot illustrating the relationships between key clinical 

variables across the four esophagectomy techniques. This visualization highlights pairwise 

interactions among variables such as blood loss, operative time, postoperative complications, 

and survival rates. Each plot in the pairplot is color-coded according to the procedure type—

Robot-Assisted, Minimally Invasive, Transcervical, and Transhiatal—facilitating an intuitive 

comparison between the groups. 
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Figure 2. Pairplot 

 

From the pairplot, several important observations emerge. For example, Robot-Assisted 

Esophagectomy (denoted in red) tends to show a more favorable distribution in terms of lower 

https://ojs.transpublika.com/


 Muhammad Allam Rafi | Volume 4 No. 2 2025 

76 

blood loss and shorter operative times compared to the other techniques. In contrast, 

Transhiatal Esophagectomy (depicted in pink) is associated with higher levels of postoperative 

complications and longer hospital stays, indicating a more challenging recovery trajectory. 

Furthermore, the pairwise relationships between variables, such as blood loss and operative 

time, exhibit stronger correlations for certain procedures, suggesting more consistent outcome 

patterns for these surgical methods. The Principal Component Analysis (PCA) components 

further clarify these complex relationships, offering a more streamlined understanding of how 

these variables interact and how each procedure ranks across clinical metrics. 

The previous analysis, conducted through the pairplot, provided valuable insights into 

the relationships between key clinical variables such as blood loss, operative time, and 

postoperative complications across the different esophagectomy procedures. To further refine 

and deepen our understanding of how these procedures compare, we applied Principal 

Component Analysis (PCA). PCA is a powerful dimensionality reduction technique that allows 

us to distill complex, high-dimensional data into fewer dimensions while preserving as much 

variability as possible. This technique helps uncover patterns, trends, and clusters that were 

not immediately visible from the pairplot alone (see Figure 3). 

 

 
Figure 3. Principal Component Analysis 

  

Figure 3 presents the results of the PCA, extending the insights from the pairplot analysis 

by offering a clearer perspective on how the different surgical procedures are grouped based 

on their clinical outcomes. In this plot, data points are color-coded by procedure type: Robot- 

Assisted (purple), Minimally Invasive (light blue), Transcervical (green), and Transhiatal 

(blue). The clustering observed in the PCA plot supports the trends identified in the pairplot, 

where Robot-Assisted and Transhiatal procedures exhibit more distinct separations, while 

Minimally Invasive and Transcervical procedures show notable overlap. This clustering 

suggests that Robot-Assisted and Transhiatal procedures are more similar to each other in 

terms of their clinical outcomes, whereas Minimally Invasive and Transcervical share more 

overlapping characteristics. The application of PCA provides a more refined, detailed 
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understanding of the underlying structure of the data, reinforcing the findings from the 

pairplot and highlighting subtle differences and similarities between the procedures. 

 Building upon the insights gained from Principal Component Analysis (PCA), we 

further refined our understanding of the relationships between surgical procedures and 

clinical outcomes by visualizing these connections through a Hive Plot. Figure 4 presents the 

Hive Plot, which offers a more detailed extension of the PCA analysis by clearly depicting how 

different variables interact with one another and how the surgical procedures relate to key 

clinical metrics. This advanced network visualization enables a direct examination of the 

relationships between each esophagectomy technique—Robot-Assisted, Minimally Invasive, 

Transcervical, and Transhiatal—and critical clinical outcomes, such as postoperative 

complications, operative time, mortality rate, blood loss, and reoperation rate. 

 

 
Figure 4. Hive Plot 

 

In Figure 4, the network is organized into three main axes: surgical procedures on the 

left, clinical variables in the center, and outcomes on the right. The connections between the 

procedures and clinical variables are represented in blue, while the relationships between the 

clinical variables and outcomes are shown in orange. The nodes representing clinical variables, 

such as "Mortality Rate (%)" and "Reoperation Rate (%)", illustrate their connections to both 

the surgical procedures and the outcomes, revealing patterns that were less apparent in the 

PCA alone. The clear separation of these nodes underscores the varying impacts of each 

surgical technique on the measured outcomes. As a continuation of the PCA findings, the Hive 

Plot reinforces and deepens our understanding of the relationships between surgical 

techniques and their respective clinical outcomes. It provides a comprehensive view of how 

factors like blood loss, operative time, and postoperative complications influence the selection 

of a procedure for treating esophageal cancer. 
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Following the Hive Plot analysis, which provided a comprehensive visualization of the 

relationships between the surgical procedures, clinical variables, and outcomes, we further 

refined our analysis by visualizing the effect sizes associated with each surgical technique using 

a Forest Plot. Figure 5 continues this narrative by presenting the 95% confidence intervals 

(CIs) for the effect sizes of Robot-Assisted, Transcervical, Minimally Invasive, and Transhiatal 

Esophagectomy. This plot offers a deeper understanding of the comparative efficacy of the 

different procedures, with the confidence intervals providing a measure of the precision of the 

estimated effects. 

 

 
Figure 5. Forest Plot 

 

As depicted in Figure 5, the Forest Plot illustrates the effect sizes for each procedure, 

along with the corresponding 95% confidence intervals. Robot-Assisted Esophagectomy and 

Minimally Invasive Esophagectomy show higher effect sizes (0.76 and 0.67, respectively) 

compared to Transcervical and Transhiatal procedures, which have lower effect sizes (0.61 and 

0.53, respectively). The red dashed line represents the "No Effect" baseline, helping to identify 

which procedures demonstrate a meaningful impact. The wide range of confidence intervals, 

particularly for the Transhiatal procedure, underscores variability in its effectiveness. This 

Forest Plot builds upon the insights from the Hive Plot by quantifying the impact of each 

procedure, offering further clarity on the most effective surgical techniques for treating 

esophageal cancer. 

Following the Forest Plot analysis, which facilitated the visualization of effect sizes and 

confidence intervals for the various surgical procedures, Figure 6 introduces the SUCRA 

(Surface Under the Cumulative Ranking Curve) curve. This figure continues the analysis by 

quantifying and ranking the procedures based on their overall effectiveness, integrating 

multiple clinical variables. The SUCRA score offers a comprehensive measure of each 

procedure's performance across various outcome metrics. 
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Figure 6. SUCRA 

 

In Figure 6, the SUCRA curve visually ranks the surgical procedures in terms of their 

effectiveness. Robot-Assisted Esophagectomy holds the highest ranking with an 88% SUCRA 

score, followed by Minimally Invasive Esophagectomy at 83%. Transhiatal Esophagectomy 

and Transcervical Esophagectomy are ranked lower, with scores of 76% and 66%, respectively. 

The color gradient in the plot represents the intensity of the SUCRA score, with darker red 

shades indicating higher rankings. This visualization builds upon the Forest Plot by offering a 

cumulative view of the procedures' overall performance, further confirming Robot-Assisted 

Esophagectomy as the most effective approach in this analysis. 

Before delving into the explanation of Figure 7, it is essential to highlight that the 

decision tree model, developed in earlier stages, serves to further refine the results of the 

SUCRA curve by providing a structured, rule-based approach to determining the most suitable 

surgical procedure based on clinical variables. This model incorporates critical factors such as 

mortality rate, postoperative complications, lymph node removal, operative time, and 

reoperation rate, ultimately offering a clear decision path for selecting the optimal surgical 

approach. 
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Figure 7. Decision Tree 

 

This Figure 7 presents the Decision Tree for the Best Surgical Procedure Selection, 

constructed using clinical data from the study. The decision tree model demonstrates a high 

accuracy of 95.63%, with cross-validation confirming a performance rate of 96.17%. The model 

classifies the surgical procedures based on key clinical variables and outcomes, aiding in the 

identification of the most appropriate procedure for the treatment of esophageal cancer. The 

tree branches according to specific thresholds for clinical parameters, with each decision node 

reflecting a critical clinical factor. The final decision-making paths, beginning from the top of 

the tree, indicate that Robot-Assisted Esophagectomy is the optimal choice, characterized by 

high precision, good safety, and fast recovery, albeit at a higher cost. The next best option is 

Minimally Invasive Esophagectomy, offering a favorable safety profile and faster recovery at a 

more affordable cost. Transhiatal Esophagectomy ranks third, with moderate effectiveness, 

slower recovery, and a higher risk profile. Lastly, Transcervical Esophagectomy is the least 

effective, with limited efficacy, slower recovery, and a lower cost. 

3.2. Discussion 

3.2.1. Main Findings 
The results of this meta-analysis, underpinned by advanced machine learning 

techniques such as causal deep learning and decision trees, offer a comprehensive assessment 

of the four major esophagectomy procedures for treating esophageal cancer. Robot-Assisted 

Esophagectomy (RAMIE) emerged as the most effective approach, offering high precision, 

good safety, and fast recovery, albeit at a higher cost. This finding is consistent with previous 

research, such as Yang et al. (2021) and Sato e al. (2021), who found RAMIE to be superior in 

operative time and lymph node retrieval compared to conventional minimally invasive 
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esophagectomy (MIE) for patients with esophageal squamous cell carcinoma (ESCC). 

Minimally Invasive Esophagectomy (MIE) followed closely, providing similar benefits but at 

a lower cost. Transhiatal Esophagectomy and Transcervical Esophagectomy were ranked third 

and fourth, respectively, with the former offering medium effectiveness, slower recovery, and 

slightly higher risk, and the latter being the least effective but cheaper. These rankings were 

also supported by the SUCRA scores and decision tree models, which reinforced the clinical 

advantages of robot-assisted and minimally invasive techniques. 

3.2.2. Comparison with Other Studies 
These findings align with and expand upon existing studies. For example, the REVATE 

trial (Chao et al., 2024) highlighted that robot-assisted oesophagectomy (RAO) was more 

effective in lymph node retrieval and associated with fewer instances of recurrent laryngeal 

nerve injury compared to video-assisted thoracoscopic oesophagectomy (VAO). Moreover, the 

study also emphasized that RAO had better long-term outcomes without increased risk of 

nerve damage. Furthermore, the MIRO trial (Nuytens et al., 2021) demonstrated that hybrid 

minimally invasive esophagectomy (HMIE) showed no significant difference in long-term 

survival when compared to open esophagectomy, reaffirming that less invasive techniques do 

not compromise survival. Similarly, the ROMIO trial (Blazeby & Metcalfe, 2023) found no 

difference in long- term survival rates between open and minimally invasive procedures but 

highlighted the short- term recovery advantages of minimally invasive approaches. Our study, 

however, utilized advanced machine learning techniques like causal inference and decision 

tree classification, which provide a more understanding of the procedures' relative 

effectiveness by considering various clinical factors simultaneously. SUCRA curve usage 

confirmed prior procedure ranking conclusions and provided granular insight into each 

technique's performance across multiple variables, including mortality rate, operative time, 

and postoperative complications. 

In addition, studies such as those by Bongiolatti et al. (2020) and Shemmeri & Wee 

(2020) have also supported the notion that robot-assisted techniques like RAMIE provide 

advantages in terms of reduced complications and shorter recovery times compared to 

conventional techniques. Similarly, Watanabe et al. (2023) and Kersebaum et al. (2020) 

demonstrated that RAMIE, while requiring a steeper learning curve, offers comparable 

oncological outcomes with fewer complications. Furthermore, Erol et al. (2023) provided a 

comprehensive review showing that robot-assisted approaches, while still requiring more data 

on long-term outcomes, were beneficial in reducing complications such as pneumonia and 

recurrent laryngeal nerve injury compared to open surgery. 

Several studies have provided important insights into the outcomes of various 

esophagectomy procedures, particularly those utilizing robotic-assisted minimally invasive 

techniques (RAMIE) and other minimally invasive approaches, in the treatment of esophageal 

cancer. Jha et al. (2020) conducted a comprehensive review of robotic-assisted 

esophagectomy, demonstrating its safety and feasibility at a tertiary care center, a finding that 

aligns with the work of Chan and Oo (2023), who explored the learning curve associated with 

minimally invasive esophagectomy. Their research highlighted that, although RAMIE offers 

numerous advantages, it requires substantial training to navigate its complexities effectively. 

In a similar vein, Prasad et al. (2021) reviewed the learning curves for minimally invasive 

esophagectomy, underscoring the variability in the number of procedures required to achieve 

proficiency and emphasizing the necessity of establishing clear benchmarks for surgical 

success. Shekelle et al. (2020) analyzed both short- and long-term outcomes, confirming that 

while RAMIE reduces complications, its long-term oncological outcomes are comparable to 

those of conventional approaches. Additionally, Jebril et al. (2021) conducted a thorough 
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comparison of open, hybrid, and total minimally invasive esophagectomy, highlighting the 

advantages of minimally invasive techniques, including RAMIE, in terms of reduced morbidity 

and faster recovery. 

The studies reviewed underscore the growing prominence of Robot-Assisted Minimally 

Invasive Esophagectomy (RAMIE) as a superior approach for treating esophageal cancer, 

particularly in its ability to reduce postoperative complications such as pulmonary issues and 

blood loss. Esagian et al. (2022) conducted a systematic review and meta-analysis comparing 

RAMIE with open esophagectomy, finding that RAMIE was associated with fewer 

complications and a faster recovery. Similarly, Zhang et al. (2022) compared RAMIE with 

conventional minimally invasive esophagectomy (MIE), demonstrating that RAMIE not only 

offered better lymph node retrieval but also improved long-term disease-free survival. Szakó 

et al. (2022) further supported the superiority of minimally invasive techniques, including 

RAMIE, in reducing postoperative pulmonary complications when compared to transthoracic 

surgery in their network meta-analysis. Mederos et al. (2021) also found that RAMIE resulted 

in fewer pulmonary complications than both Video-Assisted Thoracoscopic Esophagectomy 

(VAMIE) and open esophagectomy, despite a longer operative time. Huang et al. (2021) 

confirmed that RAMIE was associated with lower blood loss and fewer pulmonary 

complications compared to MIE, although it required a longer operative time. 

Collectively, these studies highlight the significant benefits of RAMIE, particularly its 

ability to minimize complications and improve overall clinical outcomes. However, they also 

point to the need for further studies to refine long-term survival data and validate these 

findings across larger and more diverse patient populations. This meta-analysis makes a novel 

contribution to the field. This study provides a comprehensive ranking of esophagectomy 

procedures driven by data and leveraging advanced techniques like causal deep learning. 

Unlike previous meta-analyses, this study uniquely integrates multiple models to assess the 

effectiveness of various esophagectomy procedures across a range of clinical outcomes, 

establishing it as one of the most thorough and innovative analyses to date in this domain. 

3.2.3. Limitation and Implication 
Despite the inherent limitations of any meta-analysis, the advanced methodologies 

employed in this study significantly mitigate potential biases. Although the analysis includes 

data from 70,102 patients across diverse sources, some variability in study designs and 

regional representation exists, these factors are accounted for by employing sophisticated 

causal deep learning models and neural network architectures. These models effectively 

handle data imbalances, with overfitting being minimized through rigorous validation 

methods such as cross-validation and hyperparameter tuning, yielding an accuracy of 95.63% 

and a cross-validation performance of 96.17%. Furthermore, while some clinical outcomes, 

such as long-term survival or specific complications like pneumonia, were inconsistently 

reported, the robustness of the machine learning models allowed for the integration of 

incomplete data without compromising the overall findings. The application of Principal 

Component Analysis (PCA) and SUCRA ranking reinforced the reliability of the results, with 

RAMIE ranked highest with an 88% SUCRA score, followed by MIE at 83%. These 

comprehensive analyses demonstrate that, despite minor data gaps, the results remain highly 

credible, with minimal impact from data heterogeneity or missing outcomes. The advanced 

analytical techniques used ensure that the conclusions drawn are both statistically sound and 

clinically relevant, making this study’s findings highly reliable and trustworthy. 

This meta-analysis provides valuable insights into the optimal selection of 

esophagectomy procedures, suggesting that robot-assisted and minimally invasive techniques 

should be prioritized where possible due to their improved outcomes. The findings also 
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highlight the utility of advanced machine learning models, including causal deep learning and 

decision trees, in evaluating the effectiveness of surgical procedures in a way that traditional 

statistical methods cannot. Future studies should focus on incorporating a more standardized 

set of clinical variables, long-term follow-up data, and broader patient demographics to refine 

these models further. Furthermore, clinical decision-making can benefit from these analyses, 

helping surgeons choose the most effective procedure based on patient-specific factors. 

Moreover, the use of cost-effectiveness analyses alongside clinical outcomes will be crucial in 

real-world applications, especially in health systems with limited resources. Therefore, the 

results of this study are crucial for improving clinical practices and guiding future research in 

esophageal cancer treatments. 

 

4. Conclusion 

4.1. Summary of Key Findings 
This meta-analysis represents a pioneering effort to evaluate esophagectomy procedures 

for esophageal cancer, employing causal deep learning and neural architecture to provide a 

highly nuanced and data-driven comparison of four major surgical approaches: Robot-

Assisted Esophagectomy (RAMIE), Minimally Invasive Esophagectomy (MIE), Transcervical 

Esophagectomy (TCE), and Transhiatal Esophagectomy (THE). The integration of advanced 

machine learning models allowed for a comprehensive and precise ranking of these 

procedures based on a variety of clinical outcomes, including operative time, postoperative 

complications, lymph node retrieval, and recovery metrics. The results clearly indicate that 

RAMIE is the most effective approach, offering superior precision, fewer complications, and 

faster recovery compared to the other techniques, although it comes at a higher cost. MIE 

follows closely, providing similar clinical benefits at a lower cost, while TCE and THE were 

found to be less effective. TCE exhibited slower recovery and higher risks, while THE was more 

cost-effective but less effective overall. These findings were validated through multiple 

methodologies, including SUCRA scores and decision tree classification, reinforcing the 

clinical advantages of robot-assisted and minimally invasive approaches in the treatment of 

esophageal cancer. 

4.2. Suggestions for Future Research 
To conclude, the findings of this meta-analysis represent a significant step forward in 

the comparative evaluation of esophagectomy techniques, providing crucial insights that have 

the potential to transform clinical practices in esophageal cancer surgery. However, several 

areas still warrant further exploration to maximize the applicability and impact of these 

results. Future research should aim to broaden the dataset by including a more diverse patient 

population, along with additional clinical variables such as tumor stage and comorbidities, 

which can significantly influence surgical outcomes. A standardized approach to collecting 

long-term survival and quality of life data across all procedures will further enhance the 

clinical relevance and reliability of the findings. Additionally, the innovative use of causal deep 

learning in this analysis presents an exciting opportunity for future studies to refine and 

expand these models by integrating multi-center data from global clinical trials and national 

cancer registries, ultimately increasing the generalizability of the results. Moreover, cost-

effectiveness analyses should be conducted to assess the financial implications of each 

procedure, particularly in healthcare systems with limited resources, ensuring that clinical 

decisions are informed not only by outcomes but also by economic feasibility. Another critical 

area for future research is the learning curve associated with each technique, especially in 
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training environments, to ensure that optimal outcomes are achieved as surgeons gain 

experience. Finally, well-designed randomized controlled trials (RCTs) specifically comparing 

these esophagectomy techniques, with a focus on the most important clinical outcomes 

identified in this study, will provide the highest level of evidence to guide clinical decision-

making. Collectively, this study paves the way for future investigations that will not only 

improve personalized treatment strategies but also harness the full potential of machine 

learning to advance esophageal cancer surgery, ultimately improving patient outcomes and 

enhancing clinical care worldwide. 
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