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ABSTRACT 
Background. Minimally invasive esophagectomy (MIE) 
has been increasingly performed for locally advanced esoph-
ageal cancer in place of open transthoracic esophagectomy 
(OE). This study explored the significance of MIE for esoph-
ageal squamous cell carcinoma (ESCC), focusing mainly on 
the depth of primary esophageal tumors.
Methods. This study retrospectively assessed short- and 
long-term outcomes of patients who underwent esophagec-
tomy for ESCC from 2005 through 2021. The inverse prob-
ability of the treatment-weighting (IPTW) method was used 
to compare the outcomes between OE and MIE. The out-
comes also were evaluated in the subgroups stratified by 
cT category.
Results. Among 1117 patients, 447 (40%) underwent OE 
and 670 (60%) underwent MIE. After IPTW adjustment, 
the incidence of any postoperative complications was sig-
nificantly higher in the OE group than in the MIE group 
(60.8% vs 53.7%; p = 0.032), whereas the R0 resection rate 
was significantly higher in the MIE group (98.6% vs 92.7%; 
p < 0.001). The MIE group showed better 3 year overall and 
cancer-specific survival than the OE group (p < 0.001). The 
incidence of locoregional recurrence within the surgical field 
was significantly more frequent in the OE group (p < 0.001). 
In the subgroup analysis stratified by cT category, the R0 

resection rate was significantly higher and the incidence of 
locoregional recurrence was lower in the MIE group among 
the patients with cT3–4 tumors. In the patients with cT1–2 
tumors, MIE showed no significant benefit over OE.
Conclusions. For the patients with cT3–4 tumors, MIE 
showed fewer postoperative complications, better locore-
gional control, and better prognosis than OE. Compared 
with OE, MIE is beneficial, especially for locally advanced 
ESCC.

Keywords Open esophagectomy · Minimally invasive 
esophagectomy · Locally advanced · Esophageal squamous 
cell carcinoma

Esophageal cancer is the sixth leading cause of cancer-
related mortality worldwide.1 Esophageal squamous cell 
carcinoma (ESCC), which accounts for more than 80% of 
esophageal cancer in Asia, typically presents at an advanced 
stage, necessitating aggressive therapeutic interventions. 
Surgery remains the mainstay of definitive treatment despite 
the advances in multimodal treatment strategy.2,3

Open esophagectomy (OE), a long-standing standard for 
esophagectomy, is associated with high rates of postopera-
tive morbidity and a prolonged recovery period.4 The recent 
advent of minimally invasive esophagectomy (MIE) tech-
niques has changed the treatment landscape of esophageal 
cancer. Several studies have demonstrated the advantages of 
MIE over OE, including reduced blood loss, shorter hospital 
stays, and fewer respiratory complications.5,6 These benefits 
are likely attributable to the reduced surgical trauma and bet-
ter visualization of the surgical field offered by minimally 
invasive techniques.7–9
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However, OE has been the preferred choice for locally 
advanced ESCC, with a penetration depth of cT3 or 
more to achieve complete resection and avoid injury to 
the neighboring organs, such as the trachea, bronchus, 
and aorta. To date, favorable results of MIE have been 
reported mainly in early-stage cancer, but not so much 
in locally advanced ESCC.10,11 The adoption of MIE to 
treat locally advanced ESCC was cautious, with concerns 
of technical difficulty and adequate oncologic outcomes. 
However, based on accumulated experiences, MIE has 
been increasingly implemented even for locally advanced 
cancers. This study aimed to elucidate the significance of 
MIE for ESCC, especially in cases with locally advanced 
ESCC.

PATIENTS AND METHODS

Data Collection

We retrospectively reviewed patients who underwent 
radical esophagectomy for ESCC at the Cancer Institute 
Hospital of the Japanese Foundation for Cancer Research 
(JFCR) between January 2005 and December 2021. The 
study excluded patients with synchronous cancer in the 
other organs and those who underwent palliative resection 
or total pharyngolaryngectomy.

In this study, OE was defined as the combination of 
the open right-side transthoracic and open abdominal 
approaches, whereas MIE was defined as the combination 
of the right thoracoscopic and laparoscopic approaches. 
The study also excluded patients who underwent hybrid 
MIE, including thoracoscopy plus laparotomy and thora-
cotomy plus laparoscopy.

The tumor stage was clinically evaluated based on 
endoscopy and computed tomography (CT) images 
before the initiation of treatment and classified using 
the tumor-node-metastasis (TNM) staging system of the 
Union for International Cancer Control-American Joint 
Committee on Cancer (8th edition).12 Postoperative 
complications within the first 30 days after surgery were 
evaluated according to the Clavien-Dindo (CD) classifi-
cation.13 Overall survival (OS) was calculated from the 
day of surgery to the day of death or last follow-up visit. 
Cancer-specific survival (CSS) was calculated from the 
day of surgery to the day of cancer-related death or last 
follow-up visit.

This study was approved by the Institutional Review 
Board of the JFCR (2023-GB-065). All procedures were 
in accordance with the ethical standards of the responsi-
ble committee on human experimentation (institutional 
and national) and with the Helsinki Declaration of 1964 

and later versions. Informed consent or an equivalent was 
obtained from all the patients.

Treatment for Esophageal Cancer, Esophagectomy, 
and Postoperative Follow‑up Evaluation

The treatment strategy for each patient was decided by 
a multidisciplinary tumor board based on the Japanese 
Guidelines for the Treatment of Esophageal  Carcinoma14 
and included surgery alone for cStage I cancers, neoadjuvant 
chemotherapy (NAC) followed by surgery for cStage II and 
III cancers, and definitive chemoradiotherapy (CRT) for T4 
cancers or in case of patient refusal for surgery. Salvage 
surgery was considered for persistent or relapsed cancers 
after definitive CRT. For borderline resectable T3 cancers 
with suspected tumor invasion to the adjacent organs but 
indefinite T4 disease, induction CRT or chemotherapy was 
administered, and surgery was performed only when a cura-
tive resection was considered possible.15

Regarding the types of esophagectomies, we performed 
both the McKeown and the Ivor-Lewis esophagectomies. 
In our institutions, the McKeown esophagectomy was the 
standard, whereas the Ivor-Lewis esophagectomy was occa-
sionally selected considering the tumor location, histologic 
type, and comorbidities. We could perform both types of 
esophagectomies in MIE or OE.

Patients were followed up every 3 or 4 months for at least 
1 year, then every 6 months thereafter. Follow-up evaluation 
included physical examination, blood tests, and CT imaging.

Statistical Analysis

Continuous variables are presented as median (range), 
and between-group differences were assessed for statistical 
significance using the Mann–Whitney U test. Categorical 
variables are presented as frequency (percentage) and were 
analyzed using Fisher’s exact test.

An inverse probability of treatment-weighting (IPTW) 
based on a propensity score (PS) was performed to balance 
the OE and MIE groups with respect to patient characteris-
tics.16 The PS was estimated using logistic regression analy-
sis based on the following variables: age, sex, body mass 
index (BMI), American Society of Anesthesiologists Physi-
cal Status (ASA-PS), type of preoperative therapy, location 
of the primary tumor, and clinical T and N categories. Sub-
group analysis was performed by stratifying patients accord-
ing to the cT category (cT1–T2 and cT3–T4), and IPTW 
adjustments were performed. Notably, the PS was recalcu-
lated in the subgroup analysis.

The Kaplan–Meier method was used to generate survival 
curves. The Cox proportional hazards model was used to 
estimate the hazard ratios (HRs) with 95% confidence inter-
vals (CIs). All statistical analyses were performed using EZR 
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(Saitama Medical Center, Jichi Medical University, Saitama, 
Japan), a graphical user interface for R (The R Foundation 
for Statistical Computing, Vienna, Austria).

RESULTS

Patient Characteristics

The characteristics of the study population are sum-
marized in Table  1. Among the 1117 eligible patients, 
447 (40%) underwent OE and 670 (60%) underwent MIE. 
Before IPTW adjustment, the MIE group had significantly 
higher proportions of males (p = 0.006) and patients who 
received chemotherapy (p = 0.04), whereas the OE group 
had a significantly greater proportion of patients with nodal 

involvement (p < 0.001). No significant between-group 
differences were observed with respect to age, BMI, ASA-
PS, cT category (cT1–T2 vs cT3–T4), or primary tumor 
location. After IPTW adjustment, the study included 382 
patients in the OE group and 651 patients in the MIE group, 
and the patient characteristics were well-balanced between 
the two groups.

Surgical Outcomes and Survival Analysis in the Inverse 
Probability of Treatment Weighting‑Adjusted Cohort

The surgical outcomes are presented in Table 2. The oper-
ation time in the OE group was significantly shorter than 
in the MIE group (p < 0.001), whereas the intraoperative 
blood loss was significantly less in the MIE group than in 

TABLE 1  Patient characteristics in the raw and IPTW-adjusted cohorts

IPTW, inverse probability of treatment weighting; OE, open esophagectomy; MIE, minimal invasive esophagectomy; SMD, standard mean dif-
ference; BMI, body mass index; ASA-PS, American Society of Anesthesiologists Physical Status

Raw cohort
(n = 1117)

IPTW-adjusted cohort
(n =1033)

Variable OE 
(n = 447)
n (%)

MIE 
(n = 670)
n (%)

SMD OE 
(n = 382)
n (%)

MIE 
(n = 651)
n (%)

SMD

Median age: years (range) 64 (32–84) 65 (30–85) 0.026 64 (32–84) 66 (30–85) 0.020
Sex 0.172 0.003
 Male 70 (15.7) 150 (22.4) 73 (19.2) 125 (19.3)
 Female 377 (84.3) 520 (77.6) 309 (80.8) 526 (80.7)

Median BMI: kg/m2 (range) 21.6 (12.9–31.6) 21.4 (12.5–32.9) 0.034 21.5 (14.3–30.6) 21.4 (12.5–32.9) 0.014
ASA-PS 0.078 0.008
 1 162 (36.2) 218 (32.5) 133 (35.0) 225 (34.6)
 ≥2 285 (63.8) 452 (67.5) 249 (65.0) 426 (65.4)

Preoperative therapy 0.154 0.103
 None 203 (45.4) 296 (44.2) 144 (37.6) 277 (42.6)
 Chemotherapy 203 (45.4) 337 (50.3) 199 (52.1) 332 (51.1)
 Chemoradiotherapy 41 (9.2) 37 (5.5) 39 (10.3) 42 (6.3)

Main tumor location 0.061 0.078
 Upper 88 (19.7) 136 (20.3) 72 (18.9) 136 (20.9)
 Middle 216 (48.3) 304 (45.4) 185 (48.4) 290 (44.6)
 Lower 143 (32.0) 230 (34.3) 125 (32.6) 225 (34.5)

cT 0.093 0.072
 1 149 (33.3) 331 (49.4) 126 (33.1) 311 (47.8)
 2 128 (28.6) 114 (17.0) 99 (25.9) 96 (14.8)
 3 154 (34.5) 209 (31.2) 139 (36.5) 225 (34.6)
 4 22 (3.6) 16 (2.4) 18 (4.4) 19 (2.9)

cN 0.329 0.086
 0 185 (41.4) 386 (57.6) 214 (55.9) 337 (51.8)
 1 123 (27.5) 190 (28.4) 80 (20.9) 207 (31.8)
 ≥2 139 (31.1) 94 (14.0) 88 (23.2) 107 (16.4)

cM 0.021 0.003
 0 445 (99.4) 666 (99.4) 380 (99.5) 648 (99.5)
 1 2 (0.4) 4 (0.6) 2 (0.5) 3 (0.5)
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the OE group (p < 0.001). The incidence of any postopera-
tive complications CD grade ≥2 was significantly higher in 
the OE group than in the MIE group (60.8% vs 53.7%; p = 
0.032). The incidence of recurrent laryngeal nerve (RLN) 
palsy, anastomotic leakage, and postoperative pneumonia 
CD grade ≥2 was comparable in the two groups. Surgical-
site infection CD grade ≥2 occurred more frequently in 
the OE group than in the MIE group (11.6% vs 6.6%; p 
= 0.007). Also, the incidences of chylothorax and pleural 
effusion tended to be lower in the MIE group than in the OE 
group. The incidence of severe complications (CD grade 
≥3) and the mortality within 30 days postoperatively also 
was comparable in the two groups. The of hospital stay after 
MIE was significantly shorter than after OE (p < 0.001). The 
R0 resection rate was significantly higher in the MIE group 
(98.6% vs 92.7%; p < 0.001).

The survival curves are shown in Fig. 1. The MIE group 
had better 3 year OS (HR of MIE vs OE, 0.54; 95% CI, 
0.43–0.68; p < 0.001) and 3 year CSS (HR of MIE vs OE: 
0.51; 95% CI, 0.39–0.67; p < 0.001) than the OE group.

Regarding the first site of recurrence, locoregional recur-
rence, including local and lymph node recurrence within 
surgical fields, occurred significantly less frequently in the 
MIE group (HR, 0.48; 95% CI, 0.35–0.67; p < 0.001). In 
contrast, there was no significant between-group difference 
regarding the incidence of distant metastasis (p = 0.591).

Subgroup Analysis Stratified by CT Category

Additionally, we created the IPTW-adjusted cT1–T2 
cohort (n = 654) and cT3–T4 cohort (n = 382). The patient 
characteristics were well-balanced between the two groups 
(Tables S1 and S2).

Surgical outcomes are described in Table 3. In both sub-
groups, the operation time was significantly shorter in the 
OE group, whereas intraoperative blood loss was signifi-
cantly less in the MIE group. The incidence of any postop-
erative complications was comparable between the groups 
in the IPTW-adjusted cT1–T2 cohort (p = 0.554). However, 
in the IPTW-adjusted cT3–T4 cohort, the incidence of any 
postoperative complications CD grade ≥2 was higher in the 
OE group than in the MIE group, although the difference 
was not statistically significant (p = 0.063). Although the 
R0 resection rate did not differ significantly in the IPTW-
adjusted cT1–T2 cohort (99.8% vs 98.2%; p = 0.117), the 
R0 resection rate in the IPTW-adjusted cT3–T4 cohort was 
significantly higher in the MIE group than in the OE group 
(96.5% vs 84.6%; p<0.001).

Survival analyses of the subgroups are shown in Figs. 2 
and 3. In both subgroups, MIE provided a longer 3 year OS 
than OE. The 3 year CSS also was significantly longer in the 
MIE group than in the OE in the IPTW-adjusted cT3–T4 
cohort (HR of MIE vs OE, 0.65; 95% CI, 0.47–0.92; p = 

TABLE 2  Surgical outcomes 
in the IPTW-adjusted cohort

IPTW, inverse probability of treatment weighting; OE, open esophagectomy; MIE, minimal invasive 
esophagectomy
a Clavien-Dindo grade ≥2
b Clavien-Dindo grade ≥3

Variable OE 
(n = 382)
n (%)

MIE 
(n = 651)
n (%)

p Value

Median operation time: min (range) 492 (260–1047) 540 (259–957) <0.001
Median blood loss: ml (range) 380 (50–3250) 110 (15–880) <0.001
Postoperative  complicationa 232 (60.8) 350 (53.7) 0.032

  Recurrent nerve  paralysisa 12 (3.1) 26 (4.0) 0.608
  Anastomotic  leakagea 31 (8.3) 70 (10.7) 0.193
   Pneumoniaa 70 (18.3) 118 (18.1) 0.931
  Surgical-site  infectiona 44 (11.6) 43 (6.6) 0.007
  Pleural  effusiona 20 (5.2) 19 (3.0) 0.064
   Chylothoraxa 12 (3.1) 10 (1.6) 0.116

Severe  complicationb 81 (21.3) 128 (19.7) 0.575
Mortality within 30 days 1 (0.3) 1 (0.1) 1.000
Conversion to open sugery – 3 (0.4)
Median hospital stay: days (range) 22 (12–457) 20 (12–149) <0.001
Curability <0.001

  R0 354 (92.7) 641 (98.6)
  R1/2 28 (7.3) 10 (1.4)
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0.014). Meanwhile, no significant differences in the 3 year 
CSS were observed in the IPTW-adjusted cT1–T2 cohort 
(HR of MIE vs OE, 0.60; 95% CI, 0.35–1.04; p = 0.085).  In 
addition, locoregional recurrence occurred more frequently 
in the OE cohort than in the MIE patients of the IPTW-
adjusted cT3–T4 cohort (HR of MIE vs OE, 0.44; 95% 
CI, 0.26–0.74; p < 0.001). In contrast, the IPTW-adjusted 
cT1–T2 cohort showed no significant between-group dif-
ference regarding the incidence of locoregional recurrence 
(p = 0.317).

DISCUSSION

This study examined the safety and oncologic advantages 
of MIE over OE for ESCC using real-world data from a 
single high-volume center. The results demonstrated sig-
nificantly fewer postoperative complications after MIE 
than after OE. Moreover, MIE achieved better locoregional 

control and resulted in a better prognosis than OE. Finally, 
the benefit differed by cT category and was more pro-
nounced in more advanced cancers. Our results suggest that 
advanced cases with cT3–T4 tumors, including borderline 
resectable cancers, may benefit from MIE rather than OE.

Although some studies have yielded inconclusive 
results,17–19 several studies have reported the short-term 
benefits of MIE over OE, especially with respect to reduced 
postoperative complications.5,6,20,21 Some studies have 
shown that MIE is associated with a significantly lower 
incidence of pulmonary complications than OE.6,17 In con-
trast, nationwide real-world data analyses in Japan found a 
significantly higher incidence of RLN palsy after MIE than 
after OE, suggesting that mediastinal lymph node dissec-
tion in MIE might be technically more challenging than in 
OE.17,20–22

In the current study, we showed comparable results regar-
domg the incidence of pneumonia and RLN palsy between 

FIG. 1  Comparison of survival curves and cumulative recurrence 
rates for all patients in the IPTW-adjusted cohort between OE and 
MIE. IPTW, inverse probability of weighting treatment; OE, open 

esophagectomy; MIE, minimally invasive esophagectomy; HR, haz-
ard ratio; CI, confidence interval
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the two groups, although the incidence of overall postopera-
tive complications and surgical-site infection occurred less 
frequently in the MIE group than in the OE group. In mod-
ern esophagectomy, multidisciplinary perioperative care is 
mandatory,23 which might minimize the difference in pneu-
monia incidence between the groups. A recent randomized 
controlled trial conducted by the Japan Clinical Oncology 
Group Study (JCOG 1409 trial) comparing OE and MIE for 
locally advanced clinical stages I to III esophageal cancer 
could not demonstrate a significant difference in pneumonia 
incidence between the groups, although MIE could maintain 
patient respiratory function.24

Regarding long-term outcomes, in the current study, the 
OS and CSS in the MIE group were better than in the OE 
group. However, previous studies have not yielded conclu-
sive results in this regard.20,25–28 The inconsistent results in 
terms of survival outcomes may be attributable to several 
factors such as differences in sample size, perioperative 
management, method of neoadjuvant therapy, tumor loca-
tion, and tumor histology. The aforementioned JCOG 1409 
trial demonstrated non-inferiority of MIE compared with 
OE in terms of 3 year OS (72.9% vs 61.9%) with an HR of 
0.68.24 In that trial, the R0 resection rate was 95.3% in the 
MIE group and 90.0% in the OE group, similar to the rates in 
the current study (98.6% vs 92.7%). An improved R0 resec-
tion rate is known to improve the prognosis of patients who 
have undergone esophagectomy.29,30

The current study suggests that MIE may achieve better 
locoregional control than OE.31,32 High-resolution imaging 
and a magnified view are considered beneficial in dissec-
tion of the appropriate surgical layer, visualization of the 
lymphatic chain, and avoidance of lymph node remnants in 

the surgical field.33 These advantages of MIE can facilitate 
precise lymph node dissection in the narrow cervicothoracic 
border region, which is a frequent site of lymph node metas-
tasis from thoracic ESCC.34 Meanwhile, the systemic spread 
of tumors might be more influenced by the biologic behav-
ior of the tumor itself than by the surgical approach, which 
could be the reason why there was no significant difference 
in the incidence of distant metastasis.

Moreover, in the current study, the oncologic benefits of 
MIE were more pronounced in advanced cases with cT3–T4 
tumors than in those with cT1–T2 tumors. The R0 resec-
tion rate was significantly higher in the MIE group, whereas 
the incidence of locoregional recurrence was more frequent 
in the OE group. However, for the patients with cT1–T2 
tumors, MIE showed no significant benefit over OE regard-
ing the R0 resection rate or locoregional control. The advan-
tages of MIE mentioned earlier could contribute to local 
control in patients with T3–4 tumors, and therefore, MIE 
can be recommended even for cases with locally advanced 
ESCC.

Some limitations of this study should be considered when 
the results are interpreted. First, this was a single-center, 
retrospective study with a relatively long study period.

Second, OE was the standard in our hospital before 
2013, and MIE has been introduced since 2013. Moreo-
ver, during the induction phase, MIE was more likely to be 
performed for patients with early-stage cancer. In addition, 
the management of patients tends to improve with each 
passing year. Although we adjusted for various variables, 
including preoperative therapy, these historical changes 
are likely to have influenced the results. In fact, the rates 
for preoperative CRT and more advanced tumors were 

TABLE 3  Subgroup analysis of surgical outcomes stratified by cT category

IPTW, inverse probability of treatment weighting; OE, open esophagectomy; MIE, minimal invasive esophagectomy
a Clavien Dindo grade ≥2
b Clavien Dindo grade ≥3

IPTW-adjusted cT1–T2 cohort IPTW-adjusted cT3–T4 cohort

Variable OE 
(n = 223)
n (%)

MIE 
(n = 431)
n (%)

p Value OE 
(n = 163)
n (%)

MIE 
(n = 219)
n (%)

p Value

Median operation time: min (range) 473 (260–1019) 547 (334–957) <0.001 505 (294–1097) 528 (259–828) 0.008
Median blood loss: ml (range) 340 (50–2950) 120 (15–880) <0.001 430 (60–3250) 100 (15–720) <0.001
Postoperative  complicationa 140 (62.9) 259 (60.1) 0.554 88 (54.0) 97 (44.3) 0.063
Severe  complicationb 45 (20.3) 88 (20.4) 1.000 30 (18.5) 41 (18.7) 1.000
Mortality within 30 days 1 (0.5) 1 (0.2) 1.000 1 (0.5) 1 (0.4) 1.000
Conversion to open sugery – 2 (0.4) – 1 (0.4)
Median hospital stay: days (range) 23 (12–280) 20 (12–457) <0.001 23 (14–189) 19 (12–111) <0.001
Curability 0.117 <0.001
 R0 220 (98.2) 430 (99.8) 138 (84.6) 211 (96.5)
 R1/2 3 (1.6) 1 (0.2) 25 (15.4) 8 (3.5)
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higher in the OE group even after IPTW adjustment. In 
addition, for these patients, induction CRT was mainly 
administered. Therefore, we could not completely elimi-
nate the selection bias. However, the exclusion of patients 
with preoperative CRT did not lead to major changes in 
the values of the HRs or the main conclusions of this study 
(Fig. S1). Notably, the current study included only the 
patients before the standard strategy change based on the 

JCOG 1109 trial results, which demonstrated the superior-
ity of the triplet chemotherapy regimen.35

Third, we did not assess surgical quality. However, all 
operations were performed by board-certified esophageal 
surgeons, ensuring a certain level of surgical skill. Despite 
the aforementioned limitations, IPTW adjustment was per-
formed to improve the comparability between the OE and 
MIE groups.

FIG. 2  Comparison of survival curves and cumulative recurrence 
rates between OE and MIE subgroups with cT1–T2 ESCC in the 
IPTW-adjusted cohort. OE, open esophagectomy; MIE, minimally 

invasive esophagectomy; ESCC, esophageal squamous cell carci-
noma; IPTW, inverse probability of weighting treatment; HR, hazard 
ratio; CI, confidence interval
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In conclusion, MIE was associated with fewer postop-
erative complications, better locoregional control, and 
a better prognosis than OE. In addition, the oncologic 
benefit of MIE was more pronounced in the patients with 
locally advanced tumors. Therefore, MIE may be rec-
ommended for patients with locally advanced ESCC at 
institutions with sufficient surgical proficiency.

SUPPLEMENTARY INFORMATION The online version con-
tains supplementary material available at https:// doi. org/ 10. 1245/ 
s10434- 024- 15596-z.
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