Surgical Endoscopy (2023) 37:2858-2872 :
https://doi.org/10.1007/500464-022-09802-w Y

=

Check for
updates

Three-year outcomes of robotic gastrectomy versus laparoscopic
gastrectomy for the treatment of clinical stage I/l gastric cancer:
a multi-institutional retrospective comparative study

Koichi Suda'2® . Miyoshi Sakai® - Kazutaka Obama* - Yukie Yoda® - Susumu Shibasaki' - Tsuyoshi Tanaka' -
Masaya Nakauchi® - Shigeo Hisamori* - Tatsuto Nishigori® - Ataru Igarashi’® . Hirokazu Noshiro® -
Masanori Terashima® - Ichiro Uyama®°

Received: 5 May 2022 / Accepted: 27 November 2022 / Published online: 9 December 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Background Oncological benefits of robotic gastrectomy (RG) remain unclear. We aimed to determine and compare the
3-year outcomes of RG and laparoscopic gastrectomy (LG) for the treatment of gastric cancer.

Methods This was a multi-institutional retrospective study of patients who prospectively underwent RG in a previous study
(UMINO000015388) and historical controls who underwent LG. Operable patients with cStage I/II primary gastric cancer
were enrolled. The inverse probability of treatment weighting method based on propensity scores was used to balance patient
demographic factors and surgeon volume between the RG and LG groups. The primary outcome measure was the 3-year
overall survival rate (3yOS).

Results Of the 1,127 patients in the previous study, 326 and 752 patients in the RG and LG groups, respectively, completed
the study. The standardized difference of all confounding factors was reduced to 0.09 or less after weighting. In the weighted
population, 3yOS was 96.3% and 89.6% in the RG and LG groups, respectively (hazard ratio [HR] 0.34 [0.15, 0.76];
p=0.009), whereas there was no difference in 3-year recurrence-free survival rate (3yRFS) between the two groups (HR 0.58
[0.32, 1.05]; p=0.073). Sub-analyses showed that RG improved 3yOS (HR 0.05 [0.01, 0.38]; p=0.004) and 3yRFS (HR
0.05 [0.01, 0.34]; p=0.003) in patients with pStage IA disease. Recurrence rates and patterns were similar between the RG
and LG groups. RG did not improve the morbidity rate, however, it attenuated some of the adverse events, including anasto-
motic leakage and intra-abdominal abscess. RG improved estimated blood loss and duration of postoperative hospitalization.
Conclusion This study showed surgical and oncological safety of RG for cStage I/II gastric cancer considering the 3-year
outcomes, compared with those of LG.
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Abbreviations

RG Robotic gastrectomy

LG Laparoscopic gastrectomy
3yOS 3-Year overall survival rate

3yRFS  3-Year recurrence-free survival rate

HR Hazard ratio

ASA-PS  American Society of Anesthesiologists physical
status

OR Odds ratio

CI Confidence interval

Gastric cancer is the fifth most common cancer and the
fourth leading cause of cancer-related deaths worldwide [1].
Surgical resection is the only curative treatment approach,
and regional lymphadenectomy is recommended as a com-
ponent of radical gastrectomy for gastric cancer [2]. Lapa-
roscopic gastrectomy (LG) is increasingly being used for the
treatment of gastric cancer because of its beneficial short-
term effects and equivalent long-term outcomes when com-
pared with open gastrectomy [3—6]. The da Vinci® Surgical
System (Intuitive Surgical, Sunnyvale, CA, USA) was devel-
oped to overcome several disadvantages of conventional LG,

including a limited range of motion with straight instruments
and the surgeon’s hand tremor [2]. Most surgeons expect that
the use of the da Vinci® Surgical System for the treatment
of gastric cancer would overcome the technical difficulties
of LG, improving its safety and reproducibility, and possibly
leading to improved prognoses [7]. However, a large non-
randomized prospective study (NCT01309256) showed that
robotic gastrectomy (RG) has a longer duration of operation
and higher cost than LG, with no difference in morbidity
between the two methods, suggesting that RG may reduce
cost-effectiveness [8]. However, an increasing number of
studies, conducted mostly by expert surgeons in leading
institutions for RG in Japan, have recently revealed favora-
ble short-term outcomes of RG [2, 7, 9-11]. Our previous
multi-institutional prospective study (UMINO00015388/
jRCTs042180129), which was approved for Advanced
Medical Technology (“Senshiniryo B”) managed by the
Japanese Ministry of Health, Labour, and Welfare, success-
fully showed that RG for the treatment of cStage I/II gastric
cancer reduced the morbidity rate (Clavien—Dindo classi-
fication grade >1lla) of patients to less than half of that in
a historical control group of patients who underwent LG
in three leading institutions, i.e., Kyoto, Saga, and Fujita
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Health universities [7]. Considering the clinical advantages
of RG shown in that study, the Japanese Ministry of Health,
Labour, and Welfare recognized RG as part of LG under
the universal health insurance coverage, starting from April
2018. However, no additional fee is reimbursed to the hos-
pital for the use of RG instead of LG. This is because only a
few reports have been conducted to investigate the survival
benefits of RG, which is one of the most critical factors that
determine cost-effectiveness [7, 12, 13]. Therefore, the aim
of the present study (UMIN000034366) was to determine
and compare the 3-year oncological outcomes of RG and
LG, using the data of patients who underwent RG in our
previous study (UMINO000015388) and those of historical
controls who underwent LG.

Materials and methods
Study design and cohort development

This multi-institutional, retrospective, comparative study
was designed to assess whether RG improves the progno-
sis of patients with primary cStage I or II gastric cancer
when compared with LG. The RG group comprised 326
patients from 15 institutions who prospectively underwent
RG between October 2014 and January 2017 in the above-
mentioned previous study (UMIN000015388) [7]. The
LG group consisted of the historical controls of that study,
which included 801 patients from three institutions (338,
248, and 215 patients from Fujita Health University, Saga
University, and Kyoto University, respectively) who under-
went insured LG between 2009 and 2012 [7]. These three
institutions closely communicated with each other, engaged
in personnel exchange, and standardized the procedures
for LG considering the outermost layer-oriented approach
[14, 15]. In addition, they performed LG for any operable
patient with resectable gastric cancer who had been hoping
for an insured minimally invasive procedure since the early
2000s. A total of 1343 consecutive patients with primary
gastric cancer underwent gastrectomy in these institutions
between 2009 and 2012. Of these, 1212 patients underwent
curative gastrectomy, whereas 998 underwent curative LG
procedures, including laparoscopic distal, proximal, and
total gastrectomy. A total of 801 of the 998 LGs were per-
formed on patients with cStage I or II gastric cancer with-
out preoperative chemotherapy. The RG procedure used
in Japan was established and standardized by I.U. and his
colleagues considering the concept of the outermost layer-
oriented approach [2, 7, 12, 14]. The procedure was shared
with the three abovementioned institutions and gradually
expanded to the 15 institutions that participated in the
UMINO000015388 study [2, 7, 12, 14]. Patients who met the
following criteria were included in the study: operable under
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general anesthesia; histologically proven gastric adenocar-
cinoma (common type); cStage I or II disease not indicated
for endoscopic resection according to the Japanese Gastric
Cancer Treatment Guidelines [16]; curatively treated with
total, distal, or proximal gastrectomy involving D1+ or D2
lymph node dissection; and age > 18 years. Patients who
underwent preoperative chemotherapy or those with seri-
ous mental disorders who might, therefore, not be able to
provide informed consent were excluded.

Selection of quality indicators and confounding
factors

Consensus meetings were held by a study team that con-
sisted of surgeons and biostatisticians to determine quality
indicators, adjust for confounding factors, and compare the
outcomes of RG and LG using propensity score-based analy-
ses, including the inverse probability of treatment weight-
ing method and propensity score matching for primary and
sensitivity analyses, respectively [17]. The primary outcome
measure was the 3-year overall survival rate (3yOS) because
the planned follow-up duration in the UMIN000015388
study was 3 years [7]. The secondary outcomes are described
in Online Resource 1.

Preoperative factors that served as a basis for determining
whether a patient would undergo RG or LG were identified
to estimate the propensity score [18]. Several additional risk
predictors identified in a previous study were also included
in the model [19-23]. Covariates for propensity score esti-
mation included patient’s age at the time of surgery, sex,
body mass index, American Society of Anesthesiologists
physical status (ASA-PS) classification, presence of comor-
bidities, history of laparotomy, tumor size, clinical tumor
stage, type of resection, extent of lymph node dissection,
type of alimentary tract reconstruction, and surgeon volume
(the number of procedures performed by the surgeon). To
control for surgeon volume, an operating surgeon who had
performed > 100 LGs before any of the patients enrolled
in the LG group had undergone surgery was defined as an
expert surgeon in the LG group [24]. Likewise, we recog-
nized any RG surgeon who was able to perform LG expert
procedures using the surgical robot as an RG expert, and an
LG expert who had performed >40 RGs before any of the
patients enrolled in the RG group had undergone surgery
was defined as an expert surgeon in the RG group, consid-
ering the learning curve for RG among experienced LG
surgeons [18, 25, 26]. All procedures were performed or
supervised by an expert surgeon.

Clinicopathological findings and tumor stages were clas-
sified according to the 14th edition of the Japanese Classifi-
cation of Gastric Carcinoma [27]. The extent of lymph node
dissection and gastric resection was determined according
to the Japanese Gastric Cancer Treatment Guidelines [16].
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Details of preoperative diagnosis and postoperative man-
agement are shown in Online Resource 2. The observation
period for each patient was 3 years after surgery. Overall
survival was calculated from the date of resection to the date
of the last follow-up or death from any cause. Recurrence-
free survival was calculated from the date of resection to the
date of the first recurrence, last follow-up, or death from any
cause, whichever occurred first.

Data management

The data center (Center for Clinical Trial and Research Sup-
port, Fujita Health University) used in the UMIN000015388
study prospectively collected all data for the patients in the
RG group using case report forms in a linkable anonymized
fashion, as determined in our previous report [7]. The same
data center created data sheets for the LG group in the pre-
sent study, based on the case report forms used for the RG
group, and provided them to each institution. The medical
charts of each institution were retrospectively reviewed,
and the data sheets were filled out and sent back to the data
center. After the data center gathered all the raw data for
each group, those data were reviewed on a patient-by-patient
basis, and the dataset of each group was fixed thereafter.

Statistical analysis

A biostatistician blinded to the outcome conducted pro-
pensity score modeling and performed propensity score-
based analyses, including inverse probability of treatment
weighting and propensity score matching [17]. The propen-
sity score was estimated using logistic regression models
to predict the exposure of undergoing RG or LG from the
confounding variables described above. The balance of
the adjusted cohort was assessed by calculating the stand-
ardized difference between the two groups. An absolute
standardized difference above 0.1 indicated a meaningful
imbalance. Based on the propensity score, each patient was
weighted using the inverse probability of receiving each
treatment, thus generating weighted synthetic samples in
which observed baseline co-variables were not confounded
by the assignment of treatment. For estimation of variance,
we incorporated the robust variance estimator to deal with
the within-subject correlation induced by weighting. In addi-
tion, propensity score matching was performed to evaluate
the sensitivity of the results. Greedy nearest neighbor match-
ing was performed using a caliper with 0.2 standardized dif-
ferences of the logit of the estimated propensity score at a
ratio of 1:1 without replacement. Categorical and continu-
ous variables were compared using a linear mixed-effects
model. Data are expressed as medians with ranges or odds
ratios (ORs) with 95% confidence intervals (CIs) unless oth-
erwise stated. Three-year outcomes were assessed using the

Kaplan—Meier method and Cox proportional hazards regres-
sion analysis. Univariate and multivariate stratified Cox
proportional hazards regression analyses were conducted
to examine the factors that determine 3yOS and 3-year
recurrence-free survival rate (3yRFS). Mortality risk was
estimated by calculating hazard ratio (HR) and 95% CI. All
comparisons were two-sided, and a p-value < 0.05 indicated
significance. All analyses were conducted using SAS Ver.9.4
(SAS Institute, Cary, NC, USA).

Results
Patient demographic characteristics

A flow diagram of the patient selection process is shown
in Fig. 1. A total of 1127 patients (326 in the RG group
and 801 in the LG group) were enrolled in this study. We
excluded 44 patients, all in the LG group, from the analy-
sis set because they had multiple primary cancers (n=38),
special histological types (n=3), cStage > III or unknown
disease (n=2), and duplicate records (n=1). Thus, the full
analysis set comprised 326 patients in the RG group and 757
in the LG group. Inverse probability of treatment weight-
ing was performed for 326 patients in the RG group and
752 in the LG group. Five patients in the LG group were
excluded from the weighted population owing to missing
covariate variable data. The background characteristics of
the patients are summarized in Table 1. Before weighting,
the patients treated using RG were younger and had smaller
tumor sizes. The proportion of patients in the RG group
who had comorbidities and were operated on by expert sur-
geons (RG, 65.0% vs. LG, 51.9%) was greater than that in
the LG group. The proportion of patients in the RG group
who had ASA-PS scores >2, had a history of laparotomy,
and underwent total gastrectomy (RG, 14.4% vs. LG, 24.3%)
was smaller than that in the LG group. After weighting, the
standardized difference of all these confounding factors was
reduced to 0.09 or less.

Three-year outcomes in the weighted population

The 3-year outcomes are shown in Figs. 2a—d and 3a—d. In
the RG group, 3yOS was significantly improved (RG, 96.3%
vs. LG, 89.6%; HR, 0.34 [0.15, 0.76]; p=0.009) (Fig. 2b),
and there was a trend toward an increase in 3yRFS (RG,
92.3% vs. LG, 87.2%; HR 0.58 [0.32, 1.05]; p=0.073)
(Fig. 3b). Sub-analyses stratified according to the pres-
ence of pStage IA and pStage >IB disease revealed that
RG improved both 3yOS (RG, 99.7% vs. LG, 94.4%; HR
0.05 [0.01, 0.38]; p=0.004) and 3yRFS (RG, 99.7% vs. LG,
93.7%; HR 0.05 [0.01, 0.34]; p=0.003) in patients with
pStage IA disease (Figs. 2d and 3d). There was a tendency
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toward improvement in 3yOS (RG, 90.9% vs. LG, 80.8%;
HR, 0.44 [0.19, 1.02]; p=0.056) and 3yRFS (RG, 80.6% vs.
LG, 75.3%; HR 0.74 [0.41, 1.36]; p=0.338) in patients with
pStage > 1B disease (Figs. 2d and 3d), but these differences
were not significant. Similar trends were shown in sub-anal-
yses stratified by the presence of pStage I and pStage > 11
diseases (see Fig. S1, Online Resource 3). Univariate
analyses, in which the independent variables consisted of
treatment using RG and the covariates for propensity score
estimation, showed that treatment using RG, age, tumor
size, clinical tumor stage, type of resection, extent of lymph
node dissection, and type of alimentary tract reconstruction
were positive or negative risk factors for any cause of death.
Multivariate analyses using these risk factors revealed that
treatment using RG and distal gastrectomy were the factors
that contributed to improvement in overall survival, whereas
age and clinical tumor stage deteriorated overall survival
(Table 2). The results of multivariate analysis for 3yRFS
are shown in Table 3. All-cause death and deaths from other
diseases, but not gastric cancer-related deaths, were reduced
in the RG group (Table 4).

There was no difference in re-operation rate (RG, 1.0%
vs. LG, 1.1%, Table 5) and recurrence rate (RG, 7.5% vs.
LG, 7.1%, Table 4) between the RG and LG groups. In addi-
tion, no differences were observed in the common patterns
of recurrence, including peritoneal dissemination (RG, 3.9%
vs. LG, 4.9%), hepatic metastasis (RG, 1.8% vs. LG, 1.5%),
abdominal wall muscular layer metastasis (RG, 1.1% vs.
LG, 0.5%), distant lymph node metastasis (RG, 0.8% vs.
LG, 1.1%), and local recurrence (RG, 0.8% vs. LG, 0.3%)
between the two groups (Table 4). Regarding the remaining
patterns of recurrence, the number of events for each pattern
was too small to determine practical significance.
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Postoperative complications in the weighted
population

The postoperative complications are presented in Table 5.
Apart from the unweighted group, RG did not improve the
morbidity rate in the weighted group (RG, 3.7% vs. LG,
5.0%). A similar trend was observed in the incidence of
intra-abdominal infectious complications (RG, 2.4% vs. LG,
4.1%). RG attenuated some of the adverse events, including
anastomotic leakage (RG, 0.2% vs. LG, 2.2%) and intra-
abdominal abscess (RG, 0.0% vs. LG, 1.6%). However, there
was no difference between the RG and LG groups in terms
of pancreatic fistula incidence (RG, 2.2% vs. LG, 0.9%).
Although pulmonary complications, sepsis, renal complica-
tions, anastomotic stenosis/passage obstruction, gastrointes-
tinal bleeding, and in-hospital mortality seemed to be attenu-
ated, and intra-abdominal bleeding seemed to be increased
in the RG group, the numbers of these events were too small
to determine practical significance.

Surgical outcomes in the weighted population

The surgical outcomes are summarized in Table 6. Although
RG increased medical costs and surgical costs, it improved
estimated blood loss and duration of postoperative hospitali-
zation. No differences were observed between the RG and
LG groups in terms of operative time, number of dissected
lymph nodes, and conversion to open surgery.

Sensitivity analyses

After propensity score matching, data of 311 patients who
underwent RG and 311 who underwent LG were retrieved



2863

Surgical Endoscopy (2023) 37:2858-2872

0,
€900 (6vy) TEsY (1'8%) T'8¢S 69C°0 — (1'8%) ¥9¢ (Y3248 11adxe-uoN ‘ON rnoocotomwnw
€900 — (1°69) €265 (6'1S) €0LS 69C°0 (6°19) €6€ (0°99) ¢l 1dxg s.u0dgmg
9100 — W9 6LS (09 Tss 0LT°0 (0v) o€ (08) 9t LYo
¥20°0 (6'0%) 0°0vY (1'ey) L'eov 9100 — (01p) 01€ (Toy) 1€1 Ad (%) “ON
1700 — (0zD) 6'8C1 (LoD sLrt 121°0 (01D €8 (0°sD) 6% -4 ¢ UOTIONIISUOII
600°0 L1¥) 98hY Ty 1°€9y 6110 — (I'vP) vee (8'9¢) 0T1 I-d Jo adA,

(%) "ON
680°0 (8'6€) €'8Tv (Tvh) 9S8t ¥80°0 — (€0p) So¢ (T99) 811 <@ < KwoyoouopeydwA]
680°0 — (T09) 1°L¥9 (8¢9 6'C19 ¥80°0 (L69) TSP (8€9) 80T +1d JOJuarxy
0£0°0 (C100'1€T (LT S6vC TSTO — (€0) 81 D Ly DL
9100 — W9 6'LS (09 Tss 0LT°0 (0v) o€ (08) 92 Dd (%) "ON
0200 — (1'€L) 9'98L (€TL) 8°€6L SET'0 (1L €vs (9°LL) €5T D uonodsarjo odAy,
4400 (6%) 0°€S (#$)S6S 2000 — (8'%) 9¢ (9%)sI 41l
0200 — (1808 (92)0°¢€8 .00 — (£'8) 99 (89)cz vil
1000 — €D 00or1 (0eD STh1 900 — (s€1) 201 W1 Lg eIl
00 - (S91) €2L1 (£61) 7891 900 — (T oI (FFD) LY ql
£20°0 (S0L) 185, (L1L) 82182 6010 (+'69) STS (TrL) 2re Vi (%) "ON
100°0 (0°L8) ¥'S€6 (0°L8) 0956 €900 (698) 59 (L'88) 68T oI ‘2818 DODI [BdUID
000 — 0100 0°¢ (Tor'00 0°¢ 691°0 — Ov1°00) 0°€ (Tor 00 0¢ (eBue) uerpajy wo ;9718 Jown],

(%)
‘0N ‘ Awojoredey
910°0 (6) 686 (L'6) 1901 0’0o — e ve 819 LN Jo K103STH
(%)
0¥0°0 — (109) L8€S (1°8%) 1°8¢S YLT0 (09%) 8¢ (S°69) ¥61 SOK  "ON ‘,SonIpIqiowon
1L0°0 — (L) 818L (S°69) £°€9L c0C0 — (S°6L) 89¢ (€99) 91¢ <
1L0°0 (€LD) Le6T (S'0¢) T'see A (SvO ¥81 (Lee) o1t I (%) "ON ‘.Sd-VSV
00 — (I9¢ ‘'s'v1) €TC (creosnree 8200 (I9¢ ‘'s'v1) €TC (C1E°0SD ¥'CeT (eBue) ueIpajy /3 INE
700 — (0se) T9LE (6°T€) £19€ 801°0 (Tee) 15¢ (€'8¢) ST1 UWOM
700 (0°59) €669 (1'29) €°LEL 8010 — (8'99) 908 (L'19) 10T U (%) "ON ‘¢XoS
w00 — (1°09) £'9%9 (0'8S) S°L£9 1o — r'e9) Ty (6'1S) 6L1 (%) ON “e§9<
(4400 (6'6£) 16TY 0Ty 0191 [ 80 (L°L) s8T (1°SP) Ly1 (%) "ON *e59>
£L00 — (26 '62) 0°89 (S8 ‘92) 099 1220 — (26 '62) 89 (S8 92) 99 (a8un.) uvipapy £ 8y
as 8! DY as (LSL=N) DT (9ze=N) DI
uonerndod payySrop uonendod pajySromupny

eyep punoidyoeq juened | ajqel

pringer

a's



Surgical Endoscopy (2023) 37:2858-2872

2864

(uonewnss 2109s A)suadoid 10] sejeLIRAOD JOU T8 J[qR) 2] UI S[[2J SOI[B]]) UONR[NI[ed 2109s AJisuadoid 10y ajerreao)),

uon

-ONNSU0IAI X-Ud-XNOY [-y ‘UONINNSUOIAI [ YIOI[[Ig J7-g ‘UONONISU0AI [ [oI[[ig J-g ‘Awoloanses [e10) O ‘Awoyoonsesd rewrxold Hg ‘Awooonses [eISIp H(F ‘LWOUIdIR)) JLISEN) JO UONRIYIS
-se[D osaueder DO (SNILIS [BIISAYJ SISISO[OISIYISAUY JO AJI00S UBOLIOWY S-SV {XOpul SSewl Apoq JHg ‘QOURIJIPp paziprepue)s (7§ ‘Awojoonsed ordoosorede] H7 {Awojoanses o110qo1 Dy

(%) "ON ‘ss
6700 (9°€0) £#5C (8°62) 0°€8C 6000 — (€¥2) 81 (6°€2) 8L $ax  -visvoul apou yduidy
1200 - (€0)L¢C (00)oo £L00 — (€0 (00)o Al
0200 (8'1¢61 (62)¢€1¢ ¢l100 - (LDEr (s ol
0L1o0 - (¥€) T9¢ (6°0) 101 LPI0 — (#€) 9z (¥ a1
6500 - (s€)ose (seiere S€0°0 - (£€) st (re)or Vil
1o (82)8°€8 (orpriet £60°0 (62) 09 (Zorse a1
0£0°0 (98)826 (S'6) TrOI P00 — (68) L9 (L) st vil
6500 (001 s°L01 (81100l 010 (66)SL (I't1) 9¢ ql
8900 (#°58) 08¢ (9°8¢) S'¥ver £60°0 (8:s8) 142 (e8¢) ser qI< () “ON “8vis
8900 — (9'+9) 569 (#'19) 0.9 £60°0 — (Z+9) 98% (£'19) 102 VI DDOr [pa1sojoyind
as D1 DY as (LSL=N) DT (9ze=N) DI
uonendod payySrop uoneindod pojySromupn

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



Surgical Endoscopy (2023) 37:2858-2872 2865
Fig.2 Kaplan—Meier esti- 100 w 100
mates of overall survival. a 90 90
Unweighted overall survival 80 30
of the RG and LG groups. £ 7 Unweighted RG & o | Weighted RG
b Weighted overall survival 2 60 Unweighted LG 2 [ Weighted LG
of the RG and LG groups. ¢ 2 s “i s
Unweighted overall survival of z2 40 = 20
= =
the pStage IA/>1B subgroups. e £
d Weighted overall survival of Y £ 30
eighted overall survival o £t HR® [95% C1] 7 SN | HR® [95% C1] P
the pStag§ IA/>1B subgroups. o b a 0.260.13,0.52]  <0.001 0 b b 0.34[0.15,0.76]  0.009
RG robotic gastrectomy, LG
laparoscopic gastrectomy; HR 0 * * * * * ’ 0 * * * * : ’
P pic g Y 0 6 12 18 24 30 36 0 6 12 18 24 30 36
hazard ratio; OS overall sur- ) )
. a . Time after surgery (mo) Time after surgery (mo)
vival. *Cox proportional hazards
regression analysis Number at risk
RG 326 325 324 323 321 318 308
LG 757 752 731 710 687 671 653
100 == —— " 100 ———
9% TR M 90 b Tl feemct
b . BT e
80 e 1 O F T
<70 g 70
S Unweighted RG (pStage 1A) 8 60 Weighted RG (pStage IA)
i 50 Unweighted LG (pStage IA) 3 50 Weighted LG (pStage I1A)
=t e Unweighted RG (pStage 2IB) § ------- Weighted RG (pStage >IB)
g4 Unweighted LG (pStage >IB) £ 4 F e Weighted LG (pStage >IB)
o) =}
£ 30 HR'[95%CI] P g 30 HR'[95%CI] P
20 pStage A 0.09[0.01,0.66] 0.018 20 pStage A 0.05[0.01,0.38]  0.004
10 Y pStage >IB  0.31[0.15,0.66]  0.002 10 pStage >IB  0.44[0.19,1.02] 0.056
0 . . . A A , 0 . : : N . ,
0 6 12 18 24 30 36 0 6 12 18 24 30 36

Time after surgery (mo)

Number at risk

pStage IA  RG 201 200 200
LG 486 482 473

pStage >IB RG 125 125 124
LG 271 270 258

from the full analysis set. The standardized difference of
all the confounding factors was reduced to 0.08 or less (see
Table S1, Online Resource 4, which shows patient demo-
graphic data before and after population matching). As
shown in Online Resource 5 (Fig. S2), RG improved 3yOS
(RG, 97.1% vs. LG, 89.2%; HR 0.28 [0.13, 0.59]; p<0.001)
and 3yRFS (RG, 94.2% vs. LG, 86.7%; HR 0.38 [0.21, 0.70];
p=0.002). Univariate analyses showed that treatment using
RG, tumor size, clinical tumor stage, and extent of lymph
node dissection were positive or negative risk factors for
3yOS and 3yRFS. Multivariate analyses using these risk
factors revealed that treatment using RG was the only fac-
tor associated with 3yOS and 3yRFS (see Table S2 and
Table S3, Online Resources 6 and 7). The postoperative
outcomes and surgical outcomes are summarized in Online
Resources 8 and 9 (Table S4 and Table S5), respectively.

Time after surgery (mo)

200 199 198 194
465 458 450 442
123 122 120 114
245 229 221 211

Discussion

This study was conducted to determine the 3-year outcomes
of RG for the treatment of gastric cancer. We expanded on
our previous single-arm study (UMINO000015388) [7] and
retrospectively confirmed our hypothesis that RG improves
overall survival more than LG. Considering these outcomes,
the Japanese Ministry of Health, Labour, and Welfare
decided to increase the medical remuneration points for RG
starting from April 2022. This study yielded three major
findings.

First, the 3-year safety of RG was demonstrated. In terms
of the LG group, 3yOS (overall, 89.6%; pStage 1A, 94.4%;
pStage > 1B, 80.8%) and 3yRFS (overall, 87.2%; pStage 1A,
93.7%; pStage > 1B, 75.3%) were comparable with those
reported in previous studies conducted in high-volume cent-
ers in East Asia, considering that approximately a quarter of
the patients enrolled in this study underwent total or proxi-
mal, but not distal, gastrectomy; had pStage > II disease; and
had lymph node metastasis [3-6, 22, 28, 29]. Short-term
postoperative outcomes, including in-hospital mortality
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Fig.3 Kaplan—Meier estimates
of recurrence-free survival. a
Unweighted recurrence-free sur-
vival of the RG and LG groups.
b Weighted recurrence-free sur-
vival of the RG and LG groups.
¢ Unweighted recurrence-free
survival of the pStage IA/>1B
subgroups. d Weighted
recurrence-free survival of the
pStage IA/>1B subgroups.

RG robotic gastrectomy; LG
laparoscopic gastrectomy; HR
hazard ratio; RF'S recurrence-
free survival. *Cox proportional
hazards regression analysis

Table 2 Factors associated with
3-year overall survival in the
weighted population
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10} C pStage >IB  0.52[0.30,0.88] 0.015 o fd pStage>IB  0.74[0.41,136] 0338
0 . . . . . ' 0 . . . . . '
0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time after surgery (mo) Time after surgery (mo)
Number at risk
pStageIA  RG 201 200 200 200 199 198 193
LG 486 482 471 462 455 448 439
pStage >IB RG 125 123 120 115 114 113 105
LG 271 263 240 224 211 205 197
Factor Category Univariate analysis Multivariate analysis
HR? [95% CI] P HR? [95% CI] P
Robot-assisted Yes/No 0.34 [0.15, 0.76] 0.009 0.35[0.16,0.74] 0.006
Age,y - 1.05[1.02, 1.08] 0.001 1.05[1.02,1.07] 0.001
Sex ‘Women/Men 1.05[0.57, 1.92] 0.871 — -
BMI, kg/m? - 0.96 [0.85, 1.08] 0514 — -
ASA-PS >2/1 1.85[0.93, 3.70] 0.081 — -
Comorbidities Yes/No 0.70[0.93, 3.12] 0.087 — -
History of laparotomy Yes/No 0.80[0.36, 1.81] 0.593 — -
Tumor size, cm - 1.23[1.13, 1.35] <0.001 1.06[0.97,1.16] 0.185
Clinical stage 11 5.46 [3.09,9.66] <0.001 3.50[1.60,7.65] 0.002
Type of resection DG/Other than DG 0.40 [0.23, 0.71] 0.002 0.4510.21,0.92] 0.030
Extent of lymphadenectomy D2/D1+ 1.85[1.06, 3.24] 0.031 1.4410.64,3.23] 0.372
Type of reconstruction R-Y/Other than R-Y 1.86[1.09, 3.19] 0.023 1.04 [0.53,2.04] 0.907
Surgeon’s experience Non-expert/expert  0.79 [0.46, 1.37] 0.406 — -

HR hazard ratio; CI confidence interval; BMI body mass index; ASA-PS American Society of Anesthesi-
ologists physical status; DG distal gastrectomy; R-Y Roux-en-Y reconstruction

4Cox proportional hazards regression analyses (in multivariate analysis, group factors were forced to be

entered into the model)
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Table 3 Factors associated with

. Factor Category Univariate analysis Multivariate analysis
3-year recurrence-free survival
in the weighted population HR?* [95% CI] P HR?* [95% CI] P
Robot-assisted Yes/No 0.58 [0.32, 1.05] 0.073 0.59[0.34,1.03] 0.061
Age,y - 1.05[1.02,1.07] <0.001 1.05[1.02,1.09] 0.002
Sex Women/Men 0.71[0.41, 1.23] 0.221 - -
BMI, kg/m? - 1.00 [0.90, 1.10] 0.948 — -
ASA-PS >2/1 2.07 [1.14, 3.75] 0.017 0.93[0.45,1.93] 0.840
Comorbidities Yes/No 1.53[0.89, 2.64] 0.122 - -
History of laparotomy Yes/No 0.58 [0.26, 1.27] 0.172 - -
Tumor size, cm - 1.21[1.12,1.30] <0.001 1.02[0.94,1.11] 0.693
Clinical stage /1 6.18 [3.73,10.23] <0.001 3.72[1.70,8.15] 0.001
Type of resection DG/Other than DG 0.30 [0.18, 0.49] <0.001 0.35[0.18, 0.68] 0.002
Extent of lymphadenectomy D2/D1+ 2.22[1.35, 3.65] 0.002 1.83[0.86,3.90] 0.115
Type of reconstruction R-Y/Other than R-Y 2.53[1.58,4.05] <0.001 1.22[0.66,2.24] 0.525
Surgeon’s experience Non-expert/expert  0.81 [0.50, 1.34] 0417 - -

HR hazard ratio; CI confidence interval; BMI body mass index; ASA-PS American Society of Anesthesi-
ologists physical status; DG distal gastrectomy; R-Y Roux-en-Y reconstruction

4Cox proportional hazards regression analyses (in multivariate analysis, group factors were forced to be
entered into the model)

Table 4 Recurrence sites and causes of death

Unweighted population Weighted population

RG LG OR? [95% CT] P RG LG OR*[95% CI] P
(N=326) (N=757) (N=1098.5) (N=1075.5)

No. (%) No. (%) No. (%) No. (%)

Recurrence 17 (5.2) 52(6.9) 0.75[0.43,1.32] 0.314 82.5(7.5) 76.2 (7.1)  1.07[0.55,2.07] 0.847
Local 3(0.9) 3(0.4) 2.33[0.47,11.65] 0.301 8.9(0.8) 35(0.3) 2.49[0.47, 13.09] 0.283
Regional lymph 1(0.3) 1(0.1) 2.33[0.14,37.42] 0.551 2.5(0.2) 1.0 (0.1) 2.3710.15, 38.22] 0.542

nodes
Distant lymph 2 (0.6) 7(0.9) 0.66[0.14, 3.21] 0.607 8.7 (0.8) 11.5(1.1)  0.74 [0.14, 4.00] 0.724
nodes
Peritoneal 7(2.2) 35(4.6) 0.451[0.20, 1.03] 0.059 42.3(3.9) 53.1 (4.9) 0.77[0.31, 1.90] 0.571
Hepatic 4(1.2) 12(1.6) 0.77[0.25,2.41] 0.655 19.8 (1.8) 16.4 (1.5) 1.19[0.27,5.22] 0.821
Pulmonary 4(1.2) 0(0.0) 1,436,631 [0.00, 0.971 13.5(1.2) 0.0 (0.0) 78,470,793 <0.001
-] [26,137,403,
235,590,000]
Bone 0(0.0) 2(0.3) 0.00[0.00, -] 0.974 0.0 (0.0) 2.4(0.2)  0.00 [0.00, 0.00] <0.001
Brain 1(0.3) 0(0.0) 355,842 [0.00, -] 0974 6.2 (0.6) 0.0 (0.0) 35,792,644 [5,588,630, <0.001
229,240,000]
Adrenal 1(0.3) 0(0.0) 355,842 [0.00, -] 0974 1.5(0.1) 0.0 (0.0) 8,671,198 [1,213,336, <0.001
61,969,377]
Abdominal wall 2 (0.6) 4(0.5) 1.1610.21, 6.39] 0.863 12.2(1.1) 5.6(0.5) 2.14[0.38, 11.99] 0.385
muscular layer”
Other 0(0.0) 1(0.1) 0.00 [0.00, -] 0.976 0.0 (0.0) 1.3 (0.1)  0.00 [0.00, 0.00] <0.001
All-cause death 9(2.8) 76 (10.0) 0.25[0.13,0.51] <0.001 40.2 (3.7) 109.8 (10.2) 0.33[0.14,0.77] 0.010
Gastric cancer- 8(2.5) 35(4.6) 0.521[0.24,1.13] 0.099 38.2(3.5) 51.5(4.8) 0.7210.29, 1.78] 0.473
related deaths

Deaths from other 1(0.3) 38 (5.0) 0.06[0.01, 0.43] 0.005 2.0(0.2) 54.8 (5.1)  0.03[0.00, 0.25] 0.001
diseases

Other 0 (0.0) 3(0.4) 0.00[0.00,-] 0.973 0.0 (0.0) 3.5(0.3) 0.00 [0.00, 0.00] <0.001

RG robotic gastrectomy; LG laparoscopic gastrectomy; OR odds ratio
*Linear mixed-effects model

Port site
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Table 5 Postoperative complications

Unweighted population Weighted population
RG LG OR? [95% CI] P RG LG OR? [95% CI] P
(N=326) (N=757) (N=1098.5) (N=1075.5)
No. (%) No. (%) No. (%) No. (%)
Morbidity (Overall compli- 8 (2.5) 40(5.3)  0.45[0.21, 0.98] 0.043 40.8 (3.7) 53.8(5.0) 0.73 [0.20, 2.63] 0.632
cations > Grade IIIa)b
Systemic
Pulmonary 0(0.0) 3(0.4) 0.00[0.00,0.00] 0.973 0.0 (0.0) 5.1(0.5) 0.00 [0.00, 0.00] <0.001
Sepsis 0(0.0) 1(0.1)  0.00[0.00, 0.00] 0.976 0.0 (0.0) 2.5(0.2) 0.00 [0.00, 0.00] <0.001
Renal 0(0.0) 1(0.1)  0.00[0.00, 0.00] 0.976 0.0 (0.0) 2.5(0.2) 0.00 [0.00, 0.00] <0.001
Local
Intra-abdominal infectious 2 (0.6) 33 (4.4)  0.14[0.03,0.57] 0.006 26.8 (2.4) 44.1 (4.1) 0.58 [0.09, 3.73] 0.569
complications®
Anastomotic leakage 1(0.3) 17 (2.3)  0.13[0.02, 1.01] 0.052 2.1(0.2) 23.8 (2.2) 0.09 [0.01, 0.66] 0.018
Pancreatic fistula 1(0.3) 8(1.1) 0.29[0.04,2.32] 0.242 24.6 (2.2) 9.8 (0.9) 2.48 [0.31,20.04] 0.394
Intra-abdominal abscess 0(0.0) 13(1.7)  0.00 [0.00, -] 0.970 0.0 (0.0) 16.6 (1.6) 0.00 [0.00, 0.00] <0.001
Anastomotic stenosis/pas- 0(0.0) 1(0.1) 0.00 [0.00, —] 0.976 0.0 (0.0) 1.1 (0.1) 0.00 [0.00, 0.00] <0.001
sage obstruction
Bowel obstruction 2(0.6) 2(0.3) 233[0.33,16.65] 0.399 5.6(0.5) 3.4(0.3) 1.61 [0.20, 13.28] 0.657
Intra-abdominal bleeding 3(0.9) 0(0.0) 1,074,137 [0.00, -] 0.972 29.8 (2.7) 0.0 (0.0) 175,970,000 <0.001
[39,462,494,
784,700,000]
Gastrointestinal bleeding 0(0.0) 1(0.1)  0.00[0.00, -] 0.976 0.0 (0.0) 1.2 (0.1) 0.00 [0.00, 0.00] <0.001
Internal hernia 1(0.3) 1(0.1) 2.33[0.14,37.42] 0.551 4.104) 1.1 (0.1) 3.58[0.22, 57.71] 0.368
Other 2 (0.6) 2(0.3) 2.33[0.33,16.65] 0.399 3.3(0.3) 2.5(0.2) 1.27[0.17, 9.20] 0.816
In-hospital mortality 0(0.0) 2(0.3)  0.00[0.00, -] 0.974 0.0 (0.0) 3.7(0.3) 0.00 [0.00, 0.00] <0.001
Reoperation 4(1.2) 8(1.1) 1.16 [0.35, 3.90] 0.806 10.7 (1.0) 12.1 (1.1) 0.87 [0.24, 3.18] 0.834

RG robotic gastrectomy; LG laparoscopic gastrectomy; OR odds ratio
*Linear mixed-effects model
The Clavien—Dindo classification

¢ Anastomotic leakage/pancreatic fistula/intra-abdominal abscess

(0.3%) and morbidity (5.0%), were better than those reported
in previous studies [18]. RG further improved 3yOS (overall,
96.3%; pStage 1A, 99.7%; pStage >1B, 90.9%) and 3yRFS
(overall, 92.3%; pStage 1A, 99.7%; pStage > 1B, 80.6%), as
well as surgical and short-term outcomes including blood
loss, duration of postoperative hospital stay, and partly post-
operative complications. Recurrence rates and patterns were
similar between RG and LG. These data collectively suggest
surgical and oncological safety of RG.

Second, the benefits of RG for improving survival were
identified in the present study, as well as in a previous
single-center retrospective study performed in Japan [23],
although most previous reports failed to demonstrate a prog-
nostic benefit of RG over LG [20, 30, 31]. This may be at
least partly because RG reduces some postoperative com-
plications. Various reports have shown that severe postop-
erative morbidities are associated with impaired long-term
prognosis [32]. Better surgical margins and more radical
lymph node dissection, which may be achieved with RG

@ Springer

[33], are less likely to contribute to better survival in the
RG group because the survival benefit was more remarkable
in patients with earlier-stage disease. It is plausible that the
magnified vivid surgical view and the improved range of
motion brought about by the da Vinci® Surgical System
might enable gentler tumor resection along the dissectable
layers to be traced. This might reduce the intra- and post-
operative dissemination of circulating tumor cells, decrease
systemic inflammatory responses, and lead to better recovery
and prognosis with a smaller chance of tumor recurrence [9,
10, 14, 15, 34]. Further research is required to examine the
mechanisms through which RG improves survival, as well
as to determine if RG is truly less invasive than LG.

Third, RG extended overall survival more greatly than
recurrence-free survival and reduced deaths from other
diseases rather than gastric cancer-related deaths. This
may happen because patients who underwent RG may
be in such a better physical condition that they were less
likely to be affected by other diseases and were able to start
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Table 6 Surgical outcomes
Unweighted population Weighted population
RG (N=326) LG (N=757) Difference® P RG Median LG Median Difference® P
Median (range) Median (range) [95% CI] (range) (range) [95% CI]
Operative time, 313 (167,587) 315 (142,765) —6.0[-17.7, 0.316 314 (167,587) 314 (142,765) 0.9 [-12.7, 0.894
min 5.7] 14.6]
Estimate blood 20 (0, 612) 35 (0, 3, 600) —-40.8[-17.7, <0.001 23 (0, 612) 35 (0, 3,600) —385[-51.6, <0.001
loss, mL 5.7] —25.4]
No. of dissected 38.5 (10, 103)  41.0 (8, 115) -24[-171, 0.038 40 (10, 103) 40 (8, 115) -14[-40, 0.285
nodes 5.7] 1.2]
Conversion to 1(0.3) 1(0.1) 2.3°[0.14, 0.551 8.4 (0.8) 1.1(0.1) 7.2°10.45, 0.164
open surgery, 37.42] 115.93]
No. (%)
Postoperative 9 (6, 62) 13 (6, 334) -52[-72, <0.001 9 (6, 62) 12 (6, 334) —-44[-6.8, <0.001
hospitaliza- 3.1] 2.0]
tion, d
Medical costs, 1,799,628 1,646,674 139,510 0.002 1,800,084 1,633,222 242,028 0.003
JPY® (1,530,170, (1,139,526, [52,765, (1,530,170, (1,139,526, [80,616,
5,173,706) 11,781,742) 226,255] 5,173,706) 11,781,742) 403,440]
Surgical costs, 1,063,800 832,250 202,703 <0.001 1,063,800 823,070 217,139 <0.001
JPY® (950,000, (585,000, [185,624, (950,000, (585,000, [201,407,
1,158,970) 1,431,910) 2,197,812] 1,158,970) 1,431,910) 232,871]

RG robotic gastrectomy; LG laparoscopic gastrectomy
*Linear mixed-effects model

°0dds ratio

‘RG (n=325), LG (n=529)

chemotherapy sooner with better tolerance even if cancer
recurrence occurred. Additionally, the following biases
might have affected the outcomes: First, chronological bias
may be present because patients in the RG group received
treatment for gastric cancer 5 years later than those in the LG
group. We did not include patients who underwent preopera-
tive chemotherapy, which is not recognized as a standard
treatment option in the Japanese guidelines [16]. However,
patients with pStage > II disease basically underwent S-1-
based adjuvant chemotherapy, whereas those with recurrent
disease received palliative chemotherapy when applicable,
in accordance with the Japanese Gastric Cancer Treatment
Guidelines [16]. The outcomes of palliative chemotherapy,
which can affect overall survival but not recurrence-free sur-
vival, may have considerably improved over time during the
study period [35]. However, this impact should be minimal
because the effectiveness of RG was the greatest in patients
with pStage IA disease, who have little chance of recur-
rence and are treated with surgery alone unless tumor recur-
rence occurs [16]. In addition, perioperative interventions
to prevent postoperative complications, including smoking
cessation, oral hygiene, early ambulation, and physical and
nutritional therapy, were mostly unchanged during the study
period. Second, selection bias due to differences in socio-
economic status between the groups may not be fully elimi-
nated because each patient who underwent RG needed to pay

approximately 700,000 JPY, even when using the “Senshin-
iryo” B system, in addition to the 500,000 JPY reimburse-
ment from Intuitive Surgical, Inc., whereas the use of insured
LG involved a cost of only approximately 100,000 JPY per
patient [7]. However, patients in both groups received the
same postoperative management and cancer follow-up under
the Japanese universal health insurance system where socio-
economic status is less likely to systematically influence the
treatment decision for intervention [36]. Third, the RG group
was derived from the population of a prospective study, in
which patients with good health conditions and physiologi-
cal status might have been selected. To mitigate the influence
of such a bias, we balanced the patient demographic data
using inverse probability of treatment weighting because
it can be used to estimate HRs with negligible bias when
assessing survival outcomes as the treatment effect in the
entire population (treated and untreated individuals, aver-
age treatment effect), but not in treated individuals (average
treatment effect on the treated), without reducing the sample
size [17]. However, when using the inverse probability of
treatment weighting method, it should be noted that indi-
viduals with extremely large weights may disproportionately
influence results and yield estimates with high variance [17].
In the present study, we examined several models for pro-
pensity score calculation, including weight censoring, and
selected the most optimal weight. Moreover, sensitivity
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analyses using propensity score matching, which determines
the average treatment effect on the treated, confirmed a simi-
lar trend, indicating the robustness of the results.

The present study has some limitations. First, this was a
retrospective study conducted using propensity score-based
analyses, and we were unable to discuss unmeasured out-
comes. Second, this study was conducted in high-volume
institutions, and more than half of the RGs and LGs were
performed by high-volume surgeons [19]. Therefore, it may
be difficult to extrapolate these outcomes to real-world set-
tings. Third, the cost-effectiveness of RG was not exam-
ined in this study. Further studies are warranted to deter-
mine whether the improved prognosis achieved with RG is
worth its higher costs. Fourth, most patients in this study
had cStage I disease; thus, it may be challenging to extrapo-
late the findings of this study to Western populations. Fifth,
medical and surgical costs were examined considering the
data from 325 RGs and 529 LGs, but not from the full analy-
sis set, largely because those of patients who underwent LG
at Saga University were not reserved.

In conclusion, this study showed surgical and oncological
safety of RG considering the 3-year outcomes, compared
with those of LG. A multicenter randomized controlled
trial is warranted to determine if the advantageous 3-year
outcomes of RG over LG revealed in this study are repro-
ducible. We believe that the skills required to fully operate
a robot considering the appropriate surgical concept could
play a key role in enhancing the clinical benefits of RG.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00464-022-09802-w.
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