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Abstract. The present ambispective cohort study was 
performed to compare the short‑term surgical outcomes, 
including financial cost and surgeons' acceptance, of 
robotic versus three‑dimensional high‑definition  (3D‑HD) 
laparoscopic gastrectomy for patients with gastric cancer (GC). 
Between 2011 and 2017, 517 patients with GC were enrolled 
for treatment with either robotic gastrectomy [408 patients, 
including 73 treated by one of the authors (LC)] or 3D‑HD 
laparoscopic gastrectomy (109 patients, including 71 treated 
by LC). The cumulative summation method was developed 
to analyze the learning curves of robotic and 3D‑HD 
laparoscopic gastrectomy performed by LC. In the analysis of 
all 517 patients, there were no significant differences in the 
clinicopathological characteristics between the two treatment 
groups, with the exception of smoking status (P<0.001). The 
robotic group had a shorter operative time (OT; 209 vs. 228 min, 
P=0.004), fewer postoperative days  (PODs) to first flatus 
(3 vs. 4 days, P=0.025), more PODs to removal of the drainage 
and nasogastric tubes (12 vs. 9 days, P=0.001; 6 vs. 4 days, 
P=0.001, respectively), and more postoperative complications 
(21.3 vs. 9.2%, P=0.003). Comparison of these short‑term 
outcomes of robotic and 3D‑HD laparoscopic gastrectomy 
performed by LC (144 patients) revealed that only the number 
of retrieved lymph nodes (27 in the robotic group vs. 33 in 
the 3D‑HD group; P=0.038) and PODs to removal of the 
nasogastric tube (5 days in the robotic group vs. 3 days in the 
3D‑HD group; P<0.001) were significantly different. The OT 

stabilized after around 21 robotic gastrectomy procedures 
and 19 3D‑HD laparoscopic gastrectomy procedures. The 
cost‑effectiveness analysis revealed that robotic gastrectomy 
had a significantly higher total cost than 3D‑HD laparoscopic 
gastrectomy (124,907  vs.  94,395 RMB, P<0.001). With 
comparable surgical outcomes, lower financial cost and higher 
surgeons' acceptance, 3D‑HD laparoscopic gastrectomy is 
highly recommended as a minimally invasive surgical method 
for patients with GC prior to the popularization of robotic 
surgery.

Introduction

For decades, laparoscopic gastrectomy has been widely applied 
for the treatment of gastric cancer (GC)  (1). Its long‑term 
oncological safety and short‑term operative advantages 
over open gastrectomy have been confirmed  (2). With the 
development of minimally invasive surgery as a standard 
technique, improvements in instruments, such as robotic 
surgical systems and three‑dimensional high‑definition 
(3D‑HD) laparoscopic devices (3), have arisen to overcome the 
limitations of traditional laparoscopy. The da Vinci Robotic 
Surgical system (Intuitive Surgical, Inc.) can filter surgeons' 
physiological hand tremors, offer degrees of articulated 
movement, and provide a 3D magnified view of the operating 
field and an ergonomic surgical environment for surgeons (4‑7). 
However, the use of robotic technology may produce quite 
drastic changes in the surgical environment. Notably, surgeons 
must adapt to a loss of haptic feedback because they only operate 
from the console table, which is located far from the patient. In 
the last few years, 3D‑HD laparoscopy has provided surgeons 
with stereoscopic vision for accurate spatial positioning as well 
as haptic feedback (8). 3D‑HD laparoscopy restores natural 
3D vision and depth perception to laparoscopic procedures, 
making it easier to identify tissue planes.

Robotic systems and 3D‑HD laparoscopic devices, which 
facilitate precise dissection in a confined surgical field with 
impressive dexterity, have recently become important tools in 
gastrectomy (3,6,7,9‑17). The development of novel surgical 
methods or tools is associated with a period of acquisition 
to attain surgical proficiency. This period allows surgeons 
to become increasingly familiar with the fine details of the 
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technique, allowing them to use it successfully and efficiently 
even in extremely complex cases. This is known as the ‘surgical 
learning curve’ and is usually defined by the number of cases 
required for proficiency. Cumulative summation (CUSUM) 
analysis, which is a method of statistical process control, can 
be used to determine the learning curve based on objective 
surgical outcomes.

To the best of our knowledge, no supporting evidence 
regarding the safety, efficacy or surgeons' acceptance of 
robotic  vs.  3D‑HD laparoscopic gastrectomy for patients 
with GC has yet been established. Therefore, we conducted 
a single‑center cohort study to compare short‑term surgical 
outcomes, including financial cost and learning curves, of 
robotic vs. 3D‑HD laparoscopic gastrectomy for patients with 
GC.

Materials and methods

Patients. This single‑center cohort study was performed to 
investigate a prospectively maintained database (Gastric 
Cancer Database of the Chinese People's Liberation Army 
General Hospital) for selection of patients with GC who 
underwent either robotic gastrectomy [408 patients, including 
73  treated by one of the present authors (LC)] or 3D‑HD 
laparoscopic gastrectomy (109 patients, including 71 treated 
by LC) between August 2011 and June 2017. The following 
data were collected from the database: Baseline demographic 
characteristics (age, sex and body mass index), preoperative 
variables [American Society of Anesthesiologists score (18), 
history of diabetes, history of smoking, history of abdominal 
surgery and preoperative chemotherapy], intraoperative 
variables [extent of excision, estimated blood loss, skin‑to‑skin 
OT and number of retrieved lymph nodes], postoperative 
variables [duration of hospitalization, postoperative days 
(PODs) until flatus, PODs until removal of drainage and 
nasogastric tubes, postoperative complications, readmission 
and mortality], and pathological variables (tumor location, 
tumor size, Borrmann type  (19), degree of differentiation, 
T stage, N stage, M stage and type of margin) (20).

Skin‑to‑skin OT was defined as the time from the initial 
incision using a Veress needle to suturing of the surgical 
wounds. Postoperative complications were defined as any 
complications that occurred within 30 days after the operation. 
Postoperative mortality was defined as any postoperative deaths 
within 30 days of the operation or during the hospitalization 
period. The severity of complications was classified according 
to the Clavien‑Dindo classification (21).

The inclusion criteria were as follows: i) Gastric 
adenocarcinoma confirmed by pathological examination; 
and ii) no distant metastases according to imaging modalities 
(abdominal ultrasonography combined with magnetic 
resonance imaging and/or computed tomography) or surgical 
exploration. Patients were excluded if they were i) mentally 
incompetent, ii) illiterate, iii) pregnant, or iv) diagnosed with 
untreated second primary malignancies prior to surgery. 
Obesity was not considered to be a contraindication for robotic 
surgery. The patients chose the surgical method after receiving 
a thorough explanation of the risks and possible alternatives, 
including the extra costs for robotic surgery, by their surgeons. 
A flow chart of patient enrollment is shown in Fig. S1. All 

enrolled patients provided written informed consent. This 
study was approved by the institutional review board of the 
Chinese People's Liberation Army General Hospital.

Treatments. All included patients underwent curative 
gastrectomy with D2 lymphadenectomy. Subtotal gastrectomy 
was indicated for distal GC, and total gastrectomy was preferred 
for proximal GC or tumors involving more than one section 
of the entire stomach. All gastrectomies were performed with 
adequate margins (≥2 cm for cancer in the gastric antrum or 
cardia, ≥4 cm for cancer in the corpus) using the Billroth I, 
Billroth II or Roux‑en‑Y techniques for extracorporeal digestive 
tract reconstruction. All patients were managed postoperatively 
using the same standardized care protocol: Encouragement 
of ambulation on the first postoperative day, and allowance 
of water or a liquid diet following confirmation of intestinal 
peristalsis or the first flatus. Patients were discharged from the 
hospital if they met predefined discharge criteria, including 
the ability to fully ambulate without assistance, tolerable pain 
with no analgesics, and the ability to consume semi‑liquid diets 
without significant gastrointestinal symptoms. All patients were 
observed for 30 days following surgery, and short‑term surgical 
outcomes (including postoperative complications and the 
length of postoperative hospital stay) and clinicopathological 
characteristics were assessed.

Surgical standards and surgeons' experience. Robotic or 
3D‑HD laparoscopic gastrectomy was defined as successful if 
it met the following criteria: i) No conversion to open surgery 
for any reason, ii) an adequate number of lymph nodes (>15) 
harvested, iii) negative resection margin, iv) no mortality 
within 30 days after the operation or during the hospitalization 
period, and v) no outpatient complications requiring readmis-
sion (22). Any of these events was considered a surgical failure.

All surgeons who participated in this study had experience 
performing ≥50  laparoscopic gastrectomies (range, 
50‑500  gastrectomies) prior to the study. Surgeons were 
excluded if they had retrieved <15 lymph nodes in >10% of 
their minimally invasive surgeries.

Learning curve assessment (CUSUM analysis). Learning 
curves were obtained by plotting outcomes against the number 
of cases using a quantitative evaluation technique (CUSUM 
analysis). CUSUM involves the accumulation of differences 
between individual data and the average of a target value (23). 
CUSUM analysis was performed recursively as follows. Firstly, 
all cases were organized in chronological order according to 
the date of surgery; the recursive process was then started. 
CUSUMOT for the first case was defined as the difference 
between the OT of the first case and the mean OT for all 
cases (µOT). CUSUMOT for the second case was defined as 
addition of the former CUSUMOT to the difference between 
the OT of the second case and the µOT. The same procedure 
was repeated for all patients, with the exception of the last 
patient, for whom the CUSUMOT was calculated as zero (24). 
Risk‑adjusted CUSUM analysis was unnecessary because no 
intraoperative mortality occurred (25). Polynomial regression 
was conducted to provide the coefficient of determination, R2. 
The CUSUM plot was constructed using QI Macros for 
Microsoft Excel 2012.1 (Microsoft Corporation).
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Statistical analysis. All results for continuous variables are 
expressed as the mean ± standard deviation or the median 
(minimum value, maximum value), and frequencies and 
proportions are reported as percentages. Categorical variables 
were compared using the χ2  test or Fisher's exact test (for 
one or more cells with an expected value of <5). Continuous 
variables were compared using Student's t‑test or the Wilcoxon 
rank‑sum test (if the Kolmogorov‑Smirnov test of normality 
was significant, P>0.05). Three groups were compared 
using one‑way analysis of variance. P<0.05 (two‑sided) was 
considered to indicate a statistically significant difference. All 
analyses were performed using SPSS software (version 19.0; 
IBM Corporation).

Results

Patients. In total, 517 patients with GC were analyzed 
to compare the short‑term surgical outcomes between 
robotic gastrectomy (408 patients) and 3D‑HD laparoscopic 
gastrectomy (109 patients). Table I summarizes the baseline 
characteristics of all 517 patients. There were no differences 
in baseline characteristics between the robotic and 3D‑HD 
laparoscopic groups, with the exception of smoking status 
(P<0.001). The robotic group had more smoking patients than 
the 3D‑HD laparoscopic group (42.2 vs. 21.1%, respectively). 
Patients with a history of abdominal surgery were not excluded 
from this cohort study as long as no serious abdominal 
adhesions that could have affected rotation of the surgical 
instruments were present. The previous abdominal operations 
included 59 appendectomies, eight cesarean sections and six 
resections for uterine myoma through a low midline incision. 

Among all of the 517 patients, 144 patients (73 robotic and 
71 3D‑HD laparoscopic) were treated by LC. In the baseline 
analysis, all characteristics were balanced between the two 
groups as shown in Table I.

Surgical success analysis. All operations were performed 
without intraoperative mortality. To further analyze the quality 
of these operations, we evaluated their success according to 
criteria that are recognized as surgical standards for both open 
and minimally invasive gastrectomy. Because this study was 
performed between August 2011 and June 2017, the data in the 
middle 5 whole years (2012‑2016) were analyzed (Fig. 1). The 
surgical failure rates of robotic gastrectomy were 25.8% (8/31), 
18.0% (9/50), 16.7% (9/54), 12.2% (9/74) and 12.1% (14/115) 
in 2012, 2013, 2014, 2015 and 2016, respectively. The surgical 
failure rates of 3D‑HD laparoscopic gastrectomy were 
0.0% (0/2), 10.0% (1/10), and 2.6% (1/39) in 2014, 2015 and 
2016, respectively. The overall surgical failure rates were 
15.4% (63/408) and 7.3% (8/109) respectively, in the robotic 
group and 3D‑HD laparoscopic group, respectively, with a 
significant difference (P=0.028).

According to the five aforementioned standards, this study 
further analyzed the reasons for surgical failure. Because no 
intraoperative mortality occurred, the major causes of surgical 
failure were summarized as conversion to open surgery (5.9%, 
3/51), <16 harvested lymph nodes (100.0%, 51/51), a positive 
resection margin (5.9%, 3/51) and complications requiring 
readmission (5.9%, 3/51) (data not shown).

Surgical safety analysis: comparison of short‑term surgical 
outcomes between robotic and 3D‑HD laparoscopic 

Figure 1. Summary of robotic and 3D‑HD laparoscopic gastrectomy in the middle 5 years of the study period (2012‑2016). The surgical failure rates of 
robotic gastrectomy were 25.8% (8/31), 18.0% (9/50), 16.7% (9/54), 12.2% (9/74) and 12.1% (14/115) in 2012, 2013, 2014, 2015 and 2016, respectively. The 
surgical failure rates of 3D‑HD laparoscopic gastrectomy were 0.0% (0/2), 10.0% (1/10) and 2.6% (1/39) in 2014, 2015 and 2016, respectively. 3D‑HD, 
three‑dimensional high‑definition; F, surgical failure rate.
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Table I. Baseline characteristics of patients with gastric cancer.

	 All patients	 Patients treated by LC
	 ------------------------------------------------------------------------------------------	 -----------------------------------------------------------------------------------------
	 Robotic,	 3D-HD laparoscopic, 		  Robotic,	 3D-HD laparoscopic,
Characteristic	 n=408 (%)	 n=109 (%)	 P-value	 n=73 (%)	 n=71 (%)	 P-value

Age (years)	 59.4±11.1	 60.2±11.8	 0.515	 58.8±11.3	 57.6±11.4	 0.535
Sex 			   0.151			   0.066
  Male	 294 (72.1)	 86 (78.9)		  47 (64.4)	 56 (78.9)
  Female	 114 (27.9)	 23 (21.1)		  26 (35.6)	 15 (21.1)
BMI (kg/m2)	 24.1±3.3	 24.0±3.0	 0.783	 23.4±3.4	 24.3±2.8	 0.064
ASA score			   0.153			   0.586
  I	 13 (3.2)	 2 (1.8)		  2 (2.7)	 1 (1.4)
  II	 359 (88.0)	 93 (85.3)		  65 (89.0)	 63 (88.7)
  III	 36 (8.8)	 14 (12.9)		  6 (8.3)	 7 (9.9)
Diabetes	 52 (12.7)	 10 (9.2)	 0.308	 5 (6.8)	 5 (7.0)	 0.964
Smoking status	 172 (42.2)	 23 (21.1)	 <0.001	 25 (34.2)	 15 (21.1)	 0.079
Historya	 58 (14.2)	 15 (13.8)	 0.904	 8 (11.0)	 11 (15.5)	 0.422
Preoperative chemotherapy	 18 (4.4)	 8 (7.3)	 0.214	 2 (2.7)	 5 (7.0)	 0.272
Tumor location			   0.057			   0.116
  Upper	 85 (20.8)	 25 (22.9)		  10 (13.7)	 17 (23.9)
  Middle	 80 (19.6)	 31 (28.4)		  14 (19.2)	 18 (25.4)
  Lower	 197 (48.3)	 48 (44.0)		  42 (47.5)	 34 (47.9)
  Diffuse	 46 (11.3)	 5 (4.6)		  7 (9.6)	 2 (2.8)
Size (cm)	 4.3±2.9	 4.6±2.5	 0.416	 4.0±2.4	 4.4±2.5	 0.323
Borrmann type			   0.227			   0.790
  Mass	 21 (5.1)	 10 (9.2)		  3 (4.1)	 4 (5.6)
  Ulcerative	 221 (54.2)	 62 (56.9)		  41 (56.2)	 34 (47.9)
  Infiltrative ulcerative	 148 (36.3)	 35 (32.1)		  27 (37.0)	 31 (43.7)
  Diffuse infiltrative	 18 (4.4)	 2 (1.8)		  2 (2.7)	 2 (2.8)
Differentiation			   0.598			   0.075
  Well	 23 (5.6)	 4 (3.7)		  6 (8.2)	 0
  Moderate	 64 (15.7)	 18 (16.5)		  8 (11.0)	 9 (12.7)
  Poor or signet-ring	 321 (78.7)	 87 (79.8)		  59 (80.8)	 62 (87.3)
T			   0.169			   0.324
  T1	 87 (21.3)	 16 (14.7)		  12 (16.4)	 10 (14.1)
  T2	 88 (21.6)	 14 (12.8)		  25 (34.2)	 8 (11.3)
  T3	 145 (35.5)	 63 (57.8)		  18 (24.7)	 44 (62.0)
  T4	 88 (21.6)	 16 (14.7)		  18 (24.7)	 9 (12.6)
N			   0.749			   0.615
  N0	 181 (44.4)	 43 (39.4)		  30 (41.1)	 28 (39.4)
  N1	 50 (12.2)	 16 (14.7)		  12 (16.4)	 7 (9.9)
  N2	 61 (15.0)	 19 (17.4)		  10 (13.7)	 15 (21.1)
  N3	 116 (28.4)	 31 (28.4)		  21 (28.8)	 21 (29.6)
M			   0.096			   0.135
  M0	 388 (95.1)	 108 (99.1)		  69 (94.5)	 71 (100)
  M1	 20 (4.9)	 1 (0.9)		  4 (5.5)	 0
Procedure			   0.430			   0.246
  Total	 211 (51.7)	 61 (56.0)		  31 (42.5)	 37 (52.1)
  Subtotal	 197 (48.3)	 48 (44.0)		  42 (57.5)	 34 (47.9)

aHistory of abdominal surgery. 3D-HD, three-dimensional high-definition; ASA, American Society of Anesthesiologists. Categorical variables 
were compared using the χ2 test or Fisher's exact test. Continuous variables were compared using Student's t-test or the Wilcoxon rank-sum test.
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gastrectomy groups. Table II presents the operative outcomes, and 
postoperative morbidity and mortality rates of all 517 patients. 
The robotic group had a shorter mean skin‑to‑skin OT than 
the 3D‑HD laparoscopic group (209 vs. 228 min, respectively; 
P=0.004), with a similar estimated blood loss (149 vs. 142 ml, 
respectively; P=0.723). The number of retrieved lymph nodes 
was higher in the 3D‑HD laparoscopic group than in the robotic 
group (34 vs. 25, respectively; P=0.001). The positive resection 
margin rates were 0.7% (3/408) and 3.7% (4/109), respectively, 
in the robotic group and 3D‑HD laparoscopic group without a 
significant difference (P=0.059). The mean length of hospital 
stay was also not significantly different between the two groups 
(20 vs. 19 days, respectively; P=0.416). The robotic group had 
fewer PODs until first flatus (3 vs. 4 days, P=0.025), but more 
PODs to removal of the drainage tube (12 vs. 9 days, P=0.001) 
and nasogastric tube (6 vs. 4 days, P=0.001) compared with in 
the 3D‑HD laparoscopic group.

Another important finding was that the robotic group had 
more postoperative complications (21.3 vs. 9.2%, P=0.003) 
and much more severe complications according to the 
Clavien‑Dindo classification (P=0.014) compared with in the 
3D‑HD laparoscopic group. The specific types of postoperative 
complications and their treatments are summarized 
in Fig. 2. Of all 517 patients, 97 (18.8%) had postoperative 

complications. There were 66  local complications and 
31 systemic complications. Of the 66  local complications, 
anastomotic leakage (n=22) was the most common, followed 
by gastroparesis (n=13) and incision infection (n=7). Of 
the systemic complications, pulmonary infection (n=9) 
was the most common. With respect to the severity of the 
complications, there were 40 grade  I (41.2%), 35 grade  II 
(36.1%), six grade  III  (6.2%) and 16  grade  IV  (16.5%) 
complications according to the Clavien‑Dindo classification. 
The distribution of postoperative complications in the two 
groups is summarized in Table II.

Financial cost analysis: Comparison of inpatient expenses 
between robotic and 3D‑HD laparoscopic gastrectomy groups. 
The average inpatient expense for patients who underwent 
robotic gastrectomy was 137,604 RMB (range, 11,957‑525,349 
RMB). In comparison, patients who underwent 3D‑HD 
laparoscopic gastrectomy had a much lower average cost of 
97,394 RMB (range, 53,814‑162,302). Statistical analysis using 
Student's t‑test revealed that the difference between the groups 
was significant (P<0.001; F=93.429) (data not shown).

Balancing the surgical safety and financial cost evaluation 
within one treatment team: Comparison of short‑term 

Table II. Operative outcomes, and postoperative morbidity and mortality of patients.

	 All patients	 Patients treated by LC
	 ---------------------------------------------------------------------------------	 ----------------------------------------------------------------------------------
		  3D-HD 			   3D-HD 
	 Robotic,	 laparoscopic,		  Robotic,	 laparoscopic,
Characteristic	 n=408 (%)	 n=109 (%)	 P-value	 n=73 (%)	 n=71 (%)	 P-value

Conversion	 3 (0.7)	 1 (0.9)	 0.847	 1 (1.4)	 1 (1.4)	 0.984
Operative time (min)	 208.6±59.7	 228.0±69.2	 0.004	 225.0±71.7	 217.2±55.7	 0.468
Estimated blood loss (ml)	 148.8±181.8	 142.2±133.6	 0.723	 145.8±133.5	 146.8±138.8	 0.965
No. of retrieved lymph nodes	 24.9±10.6	 33.8±16.3	 0.001	 27.4±14.8	 32.6±14.8	 0.038
Margin			   0.059			   0.057
  Positive	   3 (0.7)	   4 (3.7)		  0	 4 (5.6)
  Negative	 405 (99.3)	 105 (96.3)		  73 (100)	 67 (94.4)
Hospitalization (days)	 19.8±12.7	 18.8±8.5	 0.416	 17.0±4.8	 17.6±6.2	 0.506
Flatus (PODs)	 3.3±1.9	 4.05±5.2	 0.025	 3.2±1.4	 3.6±1.5	 0.118
Drainage tube removal (PODs)	 11.7±6.7	 8.7±3.3	 0.001	 9.0±3.0	 8.3±2.5	 0.109
Nasogastric tube removal (PODs)	 6.4±4.1	 3.5±6.7	 0.001	 5.0±2.6	 2.8±2.9	 <0.001
Postoperative complications	 87 (21.3)	 10 (9.2)	 0.003	 6 (8.2)	 7 (9.9)	 0.731
Clavien-Dindo			   0.014			   0.652
  Grade I	 38 (9.3)	 2 (1.8)		  4 (5.5)	 6 (8.5)
  Grade II	 28 (6.9)	 7 (6.4)		  0	 1 (1.4)
  Grade III	   6 (1.5)	 0		  1 (1.4)	 0
  Grade IV	 15 (3.6)	 1 (1.0)		  1 (1.4)	 0
Readmission	   3 (0.7)	 0	 0.369	 0	 0	 -
Mortality	 0	 0	 -	 0	 0	 -

3D-HD, three-dimensional high-definition; PODs, postoperative days. Categorical variables were compared using the χ2 test or Fishe's exact 
test. Continuous variables were compared using Student's t-test or the Wilcoxon rank-sum test.
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surgical outcomes and inpatient expenses between robotic 
and 3D‑HD laparoscopic gastrectomy performed by LC. 
The intraoperative and postoperative data of treatments with 
robotic and 3D‑HD laparoscopic gastrectomy performed 
by LC, are shown in Table II. Only the number of retrieved 
lymph nodes and PODs until removal of the nasogastric tube 
were significantly different between the groups. The 3D‑HD 
laparoscopic gastrectomy group had more retrieved lymph 
nodes (33 vs. 27, P=0.038) and fewer PODs until removal of 
the nasogastric tube (3 vs. 5 days, P<0.001) compared with 
the robotic gastrectomy group. Additionally, there was no 
significant difference in postoperative complications between 
the two groups. The cost‑effectiveness analysis was consistent, 
indicating that robotic gastrectomy had a significantly 
higher total cost than 3D‑HD laparoscopic gastrectomy 
(124,907 vs. 94,395 RMB; P<0.001) (data not shown).

Surgeons' acceptance analysis: Comparison of learning curves 
of robotic and 3D‑HD laparoscopic gastrectomy performed 
by LC using CUSUM analysis based on skin‑to‑skin OT. 
According to the change in the slope of the learning curves, 
the CUSUM learning curves were divided into three unique 
phases: Phase I represents the initial training phase (the initial 
N1 cases), Phase II represents the well‑developed phase (the 
middle N2 cases), and Phase III represents increasing surgeon 
capacity (the final N3 cases) (26,27).

As shown in Fig.  3, Phases  I, II and III of robotic 
gastrectomy were delineated by Cases 1‑21, Cases 22‑46, and 
Cases 47‑73, respectively. Additionally, R2 was equal to 0.8543, 

proving a high degree of fit. Table III indicated that the baseline 
clinicopathological characteristics of the patients in the three 
phases were comparable (all P>0.05). There were no positive 
surgical margins in any patient. The skin‑to‑skin OT was reduced 
from 313 to 245 min (P=0.004), with an increasing number of 
retrieved lymph nodes from 17 to 34 (P<0.001) and similar 
estimated blood loss (P=0.415). The length of hospitalization 
was reduced from 19 to 15 days (P=0.005). Although the 
number of PODs until first flatus was not significantly reduced 
(P=0.069), the number of PODs until removal of the drainage 
tube (10 to 8 days, P=0.041) and nasogastric tube (6 to 3 days, 
P<0.001) was greatly reduced. The postoperative complications 
and their Clavien‑Dindo classification were stable between 
cases over time. Finally, no mortality or readmission occurred 
within 30 days postoperatively.

Fig. 4 shows that for 3D‑HD laparoscopic gastrectomy, 
Case 19 represented the cut‑off between Phases I and II, and 
Case 49 represented the cut‑off between Phases II and III. 
Additionally, R2 was equal to 0.9055, proving good fit. The 
baseline clinicopathological characteristics of the three phases 
were comparable (all P>0.05) as shown in  Table  IV. The 
skin‑to‑skin OT was reduced from 246 to 205 min (P=0.028), 
with an increasing number of retrieved lymph nodes from 
24 to 39 (P=0.007) and similar estimated blood loss (P=0.871). 
Postoperative factors, such as the length of hospitalization, 
PODs until flatus, PODs until removal of the drainage and 
nasogastric tubes, and postoperative complications and their 
Clavien‑Dindo classification were not significantly different 
(all P>0.05). Finally, no mortality or readmission occurred 

Figure 2. Summary of specific types of postoperative complications and their treatments. There were 66 local complications and 31 systemic complications. Of 
the 66 local complications, anastomosis leakage was the most common, followed by gastroparesis and incision infection. Of the systemic complications, pul-
monary infection was most common. With respect to the severity of the complications, there were 40 grade I (41.2%), 35 grade II (36.1%), six grade III (6.2%) 
and 16 grade IV (16.5%) complications according to the Clavien‑Dindo classification. ICU, intensive care unit; MODS, multiple organ dysfunction syndrome.
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Table III. Baseline clinicopathological characteristics, operative outcomes, postoperative morbidity and mortality of patients 
treated with robotic gastrectomy in the different phases.

Characteristic	 Phase I, n=21 (%)	 Phase II, n=25 (%)	 Phase III, n=27 (%)	 P-value

Age (years)	 59.1±11.2	 59.0±10.6	 58.2±12.3	 0.948
Sex				    0.853
  Male	 14 (66.7)	 15 (60.0)	 18 (66.7)
  Female	 7 (33.3)	 10 (40.0)	 9 (33.3)
BMI (kg/m2)	 22.6±4.4	 23.4±3.2	 24.0±2.6	 0.413
ASA score				    0.238
  I	 1 (4.8)	 1 (4.0)	 0
  II	 18 (85.7)	 24 (96.0)	 23 (85.2)
  III	 2 (9.5)	 0	 4 (14.8)
Diabetes	 0	 3 (12.0)	 2 (7.4)	 0.365
Smoking status	 10 (47.6)	 6 (24.0)	 9 (33.3)	 0.241
Historya	 4 (19.0)	 3 (12.0)	 1 (3.7)	 0.235
Preoperative chemotherapy	 0	 1 (4.0)	 1 (3.7)	 0.461
Tumor location				    0.157
  Upper	 1 (4.8)	 5 (20.0)	 4 (14.8)
  Middle	 2 (9.5)	 5 (20.0)	 7 (25.9)
  Lower	 15 (71.4)	 11 (44.0)	 16 (59.3)
  Diffuse	 3 (14.3)	 4 (16.0)	 0
Size (cm)	 3.8±2.7	 4.0±2.1	 4.1±2.6	 0.929
Borrmann type				    0.069
  Mass	 1 (4.8)	 0	 2 (7.4)
  Ulcerative	 14 (66.7)	 19 (76.0)	 8 (29.6)
  Infiltrative ulcerative	 5 (23.8)	 6 (24.0)	 16 (59.3)
  Diffuse infiltrative	 1 (4.8)	 0	 1 (3.7)
Differentiation				    0.932
  Well	 3 (14.3)	 2 (8.0)	 1 (3.7)
  Moderate	 0	 2 (8.0)	 6 (22.2)
  Poor or signet-ring	 18 (85.7)	 21 (84.0)	 20 (74.1)
T				    0.621
  T1	 4 (19.0)	 6 (24.0)	 2 (7.4)
  T2	 9 (43.0)	 3 (12.0)	 13 (48.1)
  T3	 4 (19.0)	 7 (28.0)	 7 (25.9)
  T4	 4 (19.0)	 9 (36.0)	 5 (18.6)
N				    0.892
  N0	 9 (43.0)	 9 (36.0)	 12 (44.5)
  N1	 4 (19.0)	 3 (12.0)	 5 (18.5)
  N2	 4 (19.0)	 4 (16.0)	 2 (7.4)
  N3	 4 (19.0)	 9 (36.0)	 8 (29.6)
M				    0.671
  M0	 20 (95.2)	 24 (96.0)	 25 (92.6)
  M1	 1 (4.8)	 1 (4.0)	 2 (7.4)
Procedure				    0.168
  Total	 6 (28.6)	 14 (56.0)	 11 (40.7)
  Subtotal	 15 (71.4)	 11 (44.0)	 16 (59.3)
Conversion	 1 (4.8)	 0	 0	 0.180
Operative time (min)	 313.3±81.3	 250.0±38.9	 244.6±89.1	 0.004
Estimated blood loss (ml)	 167.1±155.4	 117.6±39.3	 155.2±167.8	 0.415
No. of retrieved lymph nodes	 17.3±6.5	 28.4±13.3	 34.4±16.6	 <0.001
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within 30 days postoperatively. In addition, OT was compared 
between robotic and 3D‑HD laparoscopic gastrectomy groups 
before and after the OT stabilized in the patients treated by 
LC, as well as in the different phases (Table V). Comparison of 
the OT between robotic and 3D‑HD laparoscopic gastrectomy 
groups before and after stabilization in all patients is shown in 

Table SI. The cut‑off cases for robotic and 3D‑HD laparoscopic 
gastrectomy before and after the OT stabilized were chosen 
as Cases 21 and 19, respectively. There was no significant 
difference in these stratified analyses. In addition, the time 
to flatus in the robotic and 3D‑HD laparoscopic gastrectomy 
groups was compared before and after OT stabilization 

Table III. Continued.

Characteristic	 Phase I, n=21 (%)	 Phase II, n=25 (%)	 Phase III, n=27 (%)	 P-value

Margin	 0	 0	 0	 -
Hospitalization (days)	 19.2±4.8	 17.5±5.9	 14.8±2.6	 0.005
Flatus (PODs)	 3.8±2.0	 3.0±1.1	 2.9±0.8	 0.069
Drainage tube removal (PODs)	 9.8±2.9	 9.7±2.9	 7.9±2.9	 0.041
Nasogastric tube removal (PODs)	 5.7±2.2	 6.1±2.2	 3.4±2.6	 <0.001
Postoperative complications	 3 (14.3)	3 (12.0)	 0	 0.067
Clavien-Dindo				   0.358
  Grade I	 3 (14.3)	 1 (4.0)	 0
  Grade II	 0	 0	 0
  Grade III	 0	 1 (4.0)	 0
  Grade IV	 0	 1 (4.0)	 0
Readmission	 0	 0	 0	 -
Mortality	 0	 0	 0	 -

aHistory of abdominal surgery. ASA, American Society of Anesthesiologists; PODs, postoperative days. Three groups were compared using 
one-way analysis of variance.

Figure 3. Learning curve of robotic gastrectomy based on skin‑to‑skin OT. 
Phases I, II and III of robotic gastrectomy were delineated by Cases 1‑21, 
Cases 22‑46, and Cases 47‑73, respectively. Additionally, R2 was equal to 
0.8543, proving a high degree of fit. CUSUM, cumulative summation; 
OT, operative time.

Figure 4. Learning curve of 3D‑HD laparoscopic gastrectomy based on 
skin‑to‑skin OT. Case 19 represented the cut‑off between Phases I and II, 
and Case 49 represented the cut‑off between Phases II and III. Additionally, 
R2  was equal to 0.9055, proving good fit. 3D‑HD, three‑dimensional 
high‑definition; CUSUM, cumulative summation; OT, operative time.
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Table IV. Baseline clinicopathological characteristics, operative outcomes, postoperative morbidity and mortality of patients 
treated with three-dimensional high-definition laparoscopic gastrectomy in the different phases.

Characteristic	 Phase I, n=19 (%)	 Phase II, n=30 (%)	 Phase III, n=22 (%)	 P-value

Age (years)	 54.6±13.2	 60.7±11.2	 55.8±9.5	 0.130
Sex				    0.366
  Male	 13 (68.4)	 24 (80.0)	 19 (86.4)
  Female	 6 (31.6)	 6 (12.0)	 3 (13.6)
BMI (kg/m2)	 23.4±3.0	 24.4±2.2	 25.1±3.2	 0.161
ASA score				    0.281
  I	 0	 0	 1 (4.5)
  II	 17 (89.5)	 26 (86.7)	 20 (90.9)
  III	 2 (10.5)	 4 (13.3)	 1 (4.6)
Diabetes	 0	 3 (10.0)	 2 (9.1)	 0.278
Smoking status	 4 (21.1)	 6 (20.0)	 5 (22.7)	 0.972
History	 2 (10.5)	 5 (16.7)	 4 (18.2)	 0.762
Preoperative chemotherapy	 2 (10.5)	 1 (3.3)	 2 (9.1)	 0.898
Tumor location				    0.200
  Upper	 5 (26.3)	 6 (20.0)	 6 (27.4)
  Middle	 8 (42.1)	 9 (30.0)	 1 (4.5)
  Lower	 5 (26.3)	 15 (50.0)	 14 (63.6)
  Diffuse	 1 (5.3)	 0	 1 (4.5)
Size (cm)	 5.1±2.8	 3.9±2.1	 4.4±2.7	 0.297
Borrmann type				    0.078
  Mass	 2 (10.5)	 0	 2 (9.1)
  Ulcerative	 4 (21.1)	 16 (53.3)	 14 (63.6)
  Infiltrative ulcerative	 13 (68.4)	 13 (43.3)	 5 (22.7)
  Diffuse infiltrative	 0	 1 (3.4)	 1 (4.5)
Differentiation 				    0.221
  Well	 0	 0	 0
  Moderate	 0	 6 (20.0)	 3 (13.6)
  Poor or signet-ring	 19 (100)	 24 (80.0)	 19 (86.4)
T				    0.690
  T1	 1 (5.3)	 5 (16.7)	 4 (18.2)
  T2	 2 (10.5)	 4 (13.3)	 2 (9.1)
  T3	 15 (78.9)	 17 (56.7)	 12 (54.5)
  T4	 1 (5.3)	 4 (13.3)	 4 (18.2)
N				    0.876
  N0	 8 (42.1)	 10 (33.3)	 10 (45.5)
  N1	 2 (10.5)	 2 (6.7)	 3 (13.6)
  N2	 4 (21.1)	 8 (26.7)	 3 (13.6)
  N3	 5 (26.3)	 10 (33.3)	 6 (27.3)
M				    -
  M0	 19 (100)	 30 (100)	 22 (100)
  M1	 0	 0	 0
Procedure				    0.055
  Total	 14 (73.7)	 15 (50.0)	 8 (36.4)
  Subtotal	 5 (26.3)	 15 (50.0)	 14 (63.6)
Conversion	 1 (5.3)	 0	 0	 0.170
Operative time (min)	 246.1±59.4	 207.8±43.5	 205.0±60.6	 0.028
Estimated blood loss (ml)	 138.4±163.8	 157.0±142.7	 140.0±113.5	 0.871
No. of retrieved lymph nodes	 24.3±7.9	 33.5±16.2	 38.6±14.8	 0.007
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in the patients treated by LC, as well as in the different 
phases (Table SII). There were no significantly different or 
meaningful values in Tables V, SI and SII.

Discussion

This cohort study confirmed that surgical outcomes were 
comparable between 3D‑HD laparoscopic gastrectomy 
and robotic gastrectomy; however, more lymph nodes were 
retrieved and there were fewer PODs until removal of the 
nasogastric tube when performing 3D‑HD laparoscopic 
gastrectomy. Laparoscopic gastrectomy also involved lower 
financial costs and earlier adaptation than robotic gastrectomy.

The number of retrieved lymph nodes is a crucial parameter 
with which to evaluate the multidimensional aspects of 
surgical outcomes (22). In this study, the insufficient number 

of harvested lymph nodes was the most common reason for 
surgical failure. According to a study by Son et al (28), an 
insufficient number of harvested lymph nodes does not allow 
for adequate prediction of patient survival following curative 
gastrectomy. The present study demonstrated that 3D‑HD 
laparoscopic gastrectomy resulted in retrieval of more lymph 
nodes than robotic gastrectomy, regardless of whether it was 
balanced by the treatment group. Additionally, there was no 
significant difference in skin‑to‑skin OT, which is consistent 
with a study by Hyun et al  (29). The OT was comparable 
between robotic and laparoscopic gastrectomy groups when 
performed by experienced surgeons. The additional OT of 
robotic surgery is usually caused by robot‑specific procedures, 
such as preparation for docking and the docking time (30).

Undoubtedly, robotic technology provides a theoretically 
superior operative environment for minimally invasive 
surgery. With respect to patient benefit, few studies have 
demonstrated a lower rate of major complications with robotic 
gastrectomy than with laparoscopic gastrectomy (6,22,30,31). 
Notably, the rate and severity of postoperative complications 
were higher in the robotic group in the present study; however, 
this phenomenon disappeared after balancing the surgical 
safety analysis within a single treatment team (patients 
operated on by LC).

CUSUM is a statistical tool used to assess the introduction 
of a novel technology. In the present study, CUSUM was used 
to monitor the surgical outcomes and make surgeons aware 
of their performance as time progressed. Another reason for 
the use of CUSUM, a time‑ordered statistical process control 
method, was to compare the surgeons' acceptance of 3D‑HD 
laparoscopic vs. robotic gastrectomy; these two systems were 
applied to general surgeries at almost the same time following 
the complete adoption of traditional laparoscopy, which 
had already prepared the surgeons with the necessary skills 

Table IV. Continued.

Characteristic	 Phase I, n=19 (%)	 Phase II, n=30 (%)	 Phase III, n=22 (%)	 P-value

Margin				    0.130
  Positive	 0	 1 (3.3)	   3 (13.6)
  Negative	 19 (100)	 29 (96.7)	 19 (86.4)
Hospitalization (days)	 16.9±5.3	 17.9±5.8	 17.7±7.6	 0.843
Flatus (PODs)	 3.2±1.2	 3.6±1.5	 3.8±1.7	 0.527
Drainage tube removal (PODs)	 7.9±1.8	 9.0±2.8	 7.6±2.4	 0.099
Nasogastric tube removal (PODs)	 2.5±2.3	 3.6±3.7	 2.1±2.0	 0.155
Postoperative complications	 1 (5.3)	 5 (16.7)	 1 (4.5)	 0.878
Clavien-Dindo				    0.883
  Grade I	 1 (5.3)	 4 (13.3)	 1 (4.5)
  Grade II	 0	 1 (3.3)	 0
  Grade III	 0	 0	 0
  Grade IV	 0	 0	 0
Readmission	 0	 0	 0	 -
Mortality	 0	 0	 0	 -

ASA, American Society of Anesthesiologists; PODs, postoperative days. Three groups were compared using one-way analysis of variance.

Table V. Comparison of the operative time between robotic 
versus 3D-HD laparoscopic gastrectomy groups before and 
after the operative time stabilized in patients treated by LC, as 
well as in different phases.

		  3D-HD
Phase	 Robotic	 laparoscopic	 P-value

Phase I	 313.3±81.3	 246.1±59.4	 0.213
Phases II and III	 247.2±69.0	 206.6±50.9	 0.230
Phase II	 250.0±38.9	 207.8±43.5	 0.891
Phase III	 244.6±89.1	 205.0±60.6	 0.240

3D-HD, three-dimensional high-definition. Continuous variables 
were compared using Student's t-test or the Wilcoxon rank-sum test.
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for minimally invasive surgery. This study may be superior 
to previous studies (32) because it balanced the difference 
between surgeons moving from laparoscopic to robotic or 
3D‑HD laparoscopic surgery.

The total financial cost of robotic gastrectomy was 
40,210  RMB more than that of 3D‑HD laparoscopic 
gastrectomy. Although the Chinese National Health Insurance 
System covers perioperative care for both procedures, it covers 
only part of the operation fees for laparoscopic gastrectomy 
and none of the operation fees for robotic gastrectomy. This 
means that robotic surgery is a huge financial burden, even for 
patients with medical insurance.

The raw data of OT was initially plotted chronologically; 
CUSUM was then applied to analyze the change in consecutive 
cases, generating a six‑order polynomial curve. The learning 
curves were then divided into three unique phases. Phase I 
refers to the process of acquiring a new skill and is expected 
to be a rising curve (33). The performance of an individual 
surgeon reaches a steady state at the end of Phase I. In Phase II, 
the surgeons accumulate experience and achieve proficiency. 
During Phase  III, the surgeons master the technique, and 
are open to more complicated and demanding cases, which 
explains the fluctuant performance based on the difficulty of 
the cases.

Because laparoscopic gastrectomy has facilitated postop-
erative recovery of open gastrectomy due to reduced blood loss, 
earlier bowel function recovery, and a shorter length of hospi-
talization, there may not be much room left for improvement 
in robotic surgery (30). Robotic gastrectomy was performed 
using the same surgical principles and procedures in a similar 
environment but with different instruments compared with 
laparoscopic gastrectomy (32).

This study had some limitations. Firstly, selection bias was 
inherent to this retrospective study despite the prospectively 
constructed database. Secondly, the sample size was 
insufficient. With regards to the linear relationship between 
time to flatus and time to soft diet, this study did not analyze the 
time to soft diet; however, the time to soft diet is an important 
factor to evaluate functional recovery of the gastrointestinal 
tract. Thirdly, because 3D‑HD laparoscopic gastrectomy 
has only been applied for ~3 years, long‑term oncological 
outcomes, including late complications, recurrence and 
survival were not recorded in this study. We aim to continue 
collecting these data in this prospectively enrolled cohort, in 
order to assess the long‑term outcomes. Future studies will 
focus on these limitations and provide better solutions. Despite 
these limitations, to the best of our knowledge, this study is the 
first comprehensive investigation to compare the short‑term 
outcomes, including the financial cost and learning curves, of 
robotic and 3D‑HD laparoscopic surgery for patients with GC.

The aim of this study was not to deny that robotic operation 
systems are the future of surgery. In consideration of economic 
factors, the widespread use of robotic surgery may take a long 
time. In the meantime, 3D‑HD laparoscopic surgery may be a 
promising alternative for patients with GC.

In conclusion, with comparable surgical outcomes, lower 
financial cost and higher surgeon acceptance, 3D‑HD laparos-
copy is highly recommended as a minimally invasive surgical 
method for patients with GC prior to the popularization of 
robotic surgery.
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