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Abstract

Background Surgical esophagectomy plays a crucial role in the curative and palliative treatment of esophageal cancer. Thereby,
minimally invasive esophagectomy (MIE) is increasingly applied all over the world. Combining minimal invasiveness with
improved possibilities for meticulous dissection, robot-assisted minimal invasive esophagectomy (RAMIE) has been implement-
ed in many centers.

Purpose This review focuses on the development of MIE as well as RAMIE and their value based on evidence in current
literature.

Conclusion Although MIE and RAMIE are highly complex procedures, they can be performed safely with improved postoper-
ative outcome and equal oncological results compared with open esophagectomy (OE). RAMIE offers additional advantages
regarding surgical dissection, lymphadenectomy, and extended indications for advanced tumors.

Keywords Esophagectomy - Minimal invasive esophagectomy - Esophageal cancer - Robot-assisted minimal invasive

esophagectomy

Introduction

As 6th most fatal malignancy with approximately 500,000
new cases worldwide per year, esophageal cancer represents
a serious oncological burden [1, 2]. Nowadays, multimodal
therapeutic approaches—with surgery as cornerstone—
achieve 5-year-survival rates up to 50% [3, 4]. Due to the high
technical complexity of the totally minimally invasive esoph-
agectomy (MIE), open esophagectomy or hybrid esophagec-
tomy (laparoscopic and open thoracic) is still common prac-
tice for resectable esophageal cancer. Thereby, two factors
appear extraordinarily challenging when performing an
esophagectomy. Firstly, the esophagus and stomach are em-
bedded in both the thorax and the abdomen. While performing
an oncological esophagectomy, both abdominal and thoracic
lymph node compartments must be dissected for a radical two-
field lymphadenectomy. Therefore, a two-compartment
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intervention is inevitable. Secondly, the thoracic esophagus
is located right next to delicate and essential structures like
the trachea and the bronchi, the cardiac atrium, and large ves-
sels like the aorta, azygos vein, and pulmonary vein as well as
crucial nerve structures. Hence, in regard to a recent interna-
tional benchmark study, surgical esophagectomy—although
performed in high-volume centers—is accompanied by an
overall complication rate up to 60% [5]. The procedure needs
to be performed in a way allowing most precise and exact
preparation while keeping it as little invasive as possible to
avoid complications, without compromising oncological prin-
ciples. These requirements are leading towards minimally in-
vasive surgery. This article reviews the origin and current
clinical evidence of MIE as well as the surgical techniques
and limitations.

Minimally invasive
esophagectomy—development and present
clinical evidence

Facing high postoperative morbidity and mortality in open

surgery, minimally invasive esophagectomy was firstly intro-
duced with a series of five cases in 1992 [6]. Cuschieri et al.
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presented their technique using camera-assisted thoracoscopic
access combined with laparotomy. Collard et al. reported in
1993 a series of 9 patients undergoing a thoracoscopic ap-
proach [7]. This technique had been adopted by more sur-
geons worldwide creating the category of “hybrid techniques”
referring to the combination of laparotomy and thoracoscopy
or laparoscopy and thoracotomy [8, 9]. A randomized con-
trolled trial was conducted to compare the hybrid approach
(laparoscopic abdominal phase, open thoracic phase) to open
esophagectomy: the MIRO trial. Its long-term results—
showing equal results for both arms—were published in
2019 [10]. Primary endpoint of the MIRO trial was the fre-
quency of perioperative complications of grade II or higher
according to the modified Clavien-Dindo classification
(MCDC) [11]. Results showed a significantly lower rate of
major complications (36%), especially pulmonary complica-
tions (18%), in the hybrid group compared with the open
transthoracic esophagectomy group (64% and 30%, respec-
tively) [9, 12]. However, many concerns have been raised
over these outcomes since the open thoracic part, which is to
some extent responsible for the high rates of pulmonary com-
plications, remains equal to the open approach.

While randomized controlled trials stepwise include the
use of minimally invasive techniques in protocols by hybrid
procedures, other surgeons would have developed MIE pro-
cedures in order to maximally deliver the benefit of minimal
invasiveness.

A cornerstone towards MIE was the laparoscopic
transhiatal esophagectomy approach without thoracotomy
and creation of the anastomosis in the neck as reported by
DePaula et al. in 1995 and Luketich et al. in 1998 [13, 14].
The transhiatal approach seemed to have advantages accord-
ing to postoperative morbidity, but later showed inferior long-
term survival rates compared with transthoracic esophagecto-
my and was therefore no longer performed as standard proce-
dure in oncological esophagectomy [15].

For that reason, MIE as totally minimally invasive trans-
thoracic esophagectomy was developed. After presenting suc-
cessful MIE cases in 1998 by Luketich et al. [16], the first
large series of totally minimally invasive patients was pub-
lished in 2002 [17]. In this single-center experience, a remark-
able low mortality rate (1.4%) and short hospital stay (7 days)
compared with most open series were observed.

After a period of proofing the feasibility and safety of MIE,
the multi-center randomized TIME trial was set up to compare
total MIE with the gold standard by that time, open esopha-
gectomy [18]. Starting in 2012, the TIME trial recruited 115
patients from seven centers in four nations. MIE was per-
formed beginning with laparoscopic gastric mobilization and
abdominal lymphadenectomy followed by thoracoscopic dis-
section of the esophagus in prone position. Anastomosis was
then performed in the neck (McKeown procedure). This study
assessed several perioperative outcomes as well as
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oncological outcome and quality of life. It revealed a superi-
ority of MIE compared with open esophagectomy regarding
intraoperative blood loss, acute immunological response,
postoperative pulmonary infections, length of hospital stay,
postoperative pain scores, and quality of life. The primary
endpoint pneumonia by contrast was questioned due to miss-
ing standardization and the relatively high rate of pneumonia
in the open esophagectomy group (36%). Additionally, lymph
node yield and long-term oncological outcomes in terms of
disease free and overall survival have proven to be equivalent
compared with open esophagectomy [19, 20].

Following the TIME-trial, which included a relatively lim-
ited number of patients (59 vs. 56 cases), several systemic
meta-analyses have compared perioperative and long-term
outcomes between MIE and OE [21-28]. All of them mostly
reflect the findings of TIME trial. Six out of the 8 meta-
analyses reported significantly lower intraoperative blood loss
in MIE, the amount of total complications was lower in four
analyses as well as the duration of postoperative hospital stay.
Specifically, pulmonary complications were found to be sig-
nificantly lower in four meta-analyses. TIME-trial reported
36% of patients in the open esophagectomy group having
pulmonary infection in-hospital compared with 12% in the
minimally invasive group (relative risk [RR] 0.35, 0.16—
0.78; p = 0.005) [20]. In 2016, Yibulayin et al. analyzed
fifty-seven studies containing 15,790 cases of resectable
esophageal cancer, the highest numbered meta-analysis. It
found a reduction of overall postoperative complications in
patients treated with MIE (41.5%) vs. OE (48.2%).
Specifically, pulmonary complications (OR = 0.527, 95% CI
=0431~0.645, p < 0.05), cardiovascular complications (OR =
0.770, 95% CI = 0.681~0.872, p < 0.05), and surgical
technology-related (STR) complications (OR = 0.639, 95%
CI =0.522~0.781, p < 0.05), as well as in-hospital mortality
(OR =0.668, 95% CI=0.539~0.827, p < 0.05), were found to
be lower in the MIE group. In accordance to TIME trial, the
number of harvested lymph nodes did not show significant
differences.

Regarding total operation time, performing MIE seems to
take significantly longer, most probably due to the surgeons’
learning curve to reach full technical proficiency [29]. Xiong
et al. reported an average operation time of 334.5 min
performing MIE vs. 292.5 min performing OE. Forty-six stud-
ies (6260 cases) of the analysis from Yibulayin et al. had
higher operative time in the MIE group (p < 0.05). It can also
be assumed that the lower blood loss during resection is sur-
gically traded with a longer operation time. Even minor bleed-
ings can compromise the magnified view in MIE; therefore,
surgeons tend to work on hemostasis very thoroughly.
Accordingly, a longer operation time and lesser blood loss
are often observed compared with open approach.

Additionally, the reintervention rate after MIE was found
to be significantly higher in some studies analyzing short-term
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outcomes [30-33]. Silhag et al. found 9.9% cases requiring
postoperative reintervention in the MIE group vs. 4.4% cases
in the OE group (p < 0.001) [30]. This rate might also be
linked to the abovementioned learning curve. Van Workum
et al. investigated the morbidity that is associated with the
learning curve of MIE in 2019 using the anastomotic leakage
rate of intrathoracic-created anastomoses as primary outcome
[29]. Starting with an anastomotic leakage rate of 18.8%, it
took an average of 119 cases to reach the plateau for an anas-
tomotic leakage rate of about 8%.

Finally, reduced mortality after MIE could not be shown by
most analyses and studies. Only Yibulayin et al. reported
strong evidence for a lower 30-day mortality. Long-term out-
comes have shown to be at least equal to open esophagecto-
my. Dantoc et al. describe a higher 1-year survival rate and an
equal 3-year survival rate. Osugi et al. and Smithers et al.
compared 3-year survival rates after a 3-field lymphadenecto-
my, respectively, a 2-field lymphadenectomy with equal sur-
vival rates in both groups. Guo et al. found an even better 2-
year survival rate after minimal invasive surgery.

To finally investigate if and how patients benefit from a
totally minimally invasive approach, another trial was set up
only in the UK: the ROMIO study (Randomised
Oesophagectomy: Minimally Invasive or Open) [34, 35].
This study compares open to hybrid with minimally invasive
esophagectomy and the pilot trial recruited 104 patients in the
three arms in a period of 21 months. As all three approaches
are included in this trial, it is also aimed to show the potential
additional benefit from MIE over hybrid procedure.

RAMIE—development and clinical evidence
of robot assisted esophagectomy

Technically, challenging aspects of MIE procedure are rigid
instruments in a relatively inflexible chest cavity, limited ac-
cess to the remote surgical field, and limited range of view. To
overcome these limitations, robotic-assisted surgical systems
were established and found their way into esophageal surgery
in the early 2000s. In 2006, first case series were published
introducing RAMIE, especially the thoracoscopic phase, as a
safe and feasible procedure [36, 37]. However, proof was only
based on retrospective and prospective case series [38]. To
evaluate the value of robotic-assisted intervention in esopha-
geal surgery, the ROBOT trial (robotic-assisted thoracoscopic
procedure with open abdomen procedure (robotic hybrid
esophagecotmy) vs. open esophagectomy; both with neck
anastomoses) was initiated in 2012 [39]. As a one-center ran-
domized controlled trial with 112 patients, it compared
RAMIE and OE taking the occurrence rate of overall compli-
cations (according to the modified Clavien-Dindo classifica-
tion grade 25 [11]) as primary outcome. RAMIE procedure
was accompanied by a significantly lower overall

complication rate (59 vs. 80%), most likely resulting from
the reduction of pulmonary (32 vs. 58%) and cardiac (47 vs.
22%) complications [40]. In addition to that, postoperative
pain, short-term quality of life, and short-term postoperative
functional recovery were significantly better in RAMIE group
[41]. In terms of surgical radicality, lymph node yield and
overall survival rates were found to be equal. Thus, RAMIE
offers several short-term profits while maintaining high onco-
logical standards compared with open esophagectomy.
Struggling with the same points of criticism as the MIE
procedure—Ilong operation time and long learning curve—it
should be at least seen as an appropriate alternative to MIE.

Finally, the cost aspect of this new technology in the
European health care system needs to be mentioned. The robot
platform not only is a high investment at first but also comes
along with high maintenance costs. First experiences show
that although costs per procedure are higher, total costs (in-
cluding the treatment of complications) of the RAMIE pa-
tients may be lower, since complications are reduced.
Additionally, technical progress with possible usage of artifi-
cial intelligence and developments beyond our current imag-
inations should not be underestimated.

In the end, clear evidence for superiority of RAMIE over
MIE by prospective controlled studies are not yet available,
but there are already studies in progress or initiated (ROBOT-
2 trial (NCT04306458) and, e.g., the REVATE study). Since
the amount of significantly measurable improvements by ro-
botic assistance compared with conventional MIE is expected
to be rather small, high numbers of patients need to be treated
for a trial to compare both procedures. The results of the
abovementioned trials (e.g., the REVATE study and
ROBOT-2 trial [42]) which compare RAMIE with conven-
tional MIE are eagerly awaited [43, 44].

Surgical aspects—anastomosis, lymph node
yield, and extended indications

Still to be discussed are the key elements of esophagectomy:
anastomotic technique and lymph node yield. We point out
differences and possibilities offered by MIE and RAMIE.

Anastomotic techniques and leakage in MIE and
RAMIE

The most threatening and lethal significant complication after
esophageal resection is the anastomotic leakage. For fair com-
parison of occurrence and severity of anastomotic leakage
following esophagectomy, two principally different tech-
niques must be discriminated. Neck anastomosis can be per-
formed with or without cervical lymphadenectomy and in-
cludes resection of the whole intrathoracic esophagus. This
anastomosis is routinely performed through left cervical
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incision and does not differ in open or minimally invasive
approach (Mc Keown procedure). The high intrathoracic
anastomosis, in contrast, is performed during the thoracic
phase of esophagectomy above the azygos vein level and it
is performed intracorporeally during MIE (Ivor Lewis proce-
dure) [45-47]. Therefore, if applied, it appears as an extra
technical challenge in MIE. It is discussed, if anastomotic
leakage after high intrathoracic esophagectomy is associated
with higher severity of complication and whether neck anas-
tomosis is associated with a higher rate of leakages [48].

In the abovementioned meta-analyses, comparing MIE
with OE five meta-analyses including Yibulayin et al. showed
no difference in occurrence rate of postoperative anastomosis
leakage rate. Only Nagpal et al. (2010) [28] reported a lower
rate of anastomotic leakages. However, they only included
1284 cases. Nevertheless, none of these meta-analyses dis-
criminates between intrathoracic and cervical anastomosis—
studies analyzing both types were equally included. When
performed in the neck, all anastomoses are created using an
open neck approach regardless of the prior approach. One
could only argue about lower anastomotic leakages after
MIE on account of smaller operational trauma. Debatable re-
mains the minimally invasive created intrathoracic anastomo-
sis. Due to greater technical difficulties, one could expect
higher rates of complications. The meta-analysis of Zhou
et al. in 2015 [49] which analyzes only anastomotic leakages
after MIE and OE distinguished between intrathoracic and
cervical anastomoses. Both types of anastomotic procedure
had a comparable rate of anastomotic leakage with no signif-
icant difference comparing MIC with open approach.

At the same time as surgical techniques developed towards
minimally invasive procedures, endoscopic possibilities were
similarly improved. Since a variety of treatment options are
nowadays available, the re-operation rate as well as the mor-
tality after leaks has been dramatically decreased [50].

Regarding a potential higher anastomotic leakage rate
using robotic assistance in comparison with OE, van der
Sluis et al. found no significant difference in their prospective
randomized study in 2019 [40]. Still, in this study as well as in
the ROBOT trial, all anastomoses were created in the neck and
not with robotic assistance. The critical anastomosis, compar-
ing anastomotic leakage rates after esophagectomy, remains
the thoracic anastomosis, which seems to be more challenging
to create during MIE. Thereby, the robotic system offers some
unique advantages not reached by the conventional minimal
invasive approach. Our own data of the first 100 robotic-
assisted Ivor-Lewis esophagectomies with intrathoracic-
created end-to-end circular-stapled anastomoses suggest leak-
age rates of 8% [51, 52]. These numbers hint at lower leakage
rates compared with leakage rates around 24% of OE and Mc
Keown procedures with neck anastomoses [53].

Owing to stiff instruments with less flexibility due to the
osseous thorax and limited range of motion, the third possible
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anastomotic technique—hand-sewn intrathoracic
anastomoses—is especially difficult to perform using conven-
tional MIE. Therefore, the abovementioned circular-stapled
anastomoses have become common practice—although some
studies hint at higher rates of postoperative benign structure
formation after circular-stapled anastomosis [54-57]. These
benign structure formations cause long healing courses for
the patient with the need for many endoscopic dilatation treat-
ments and deteriorating nutritional status due to dysphagia.
The robot translates the surgeons hand movements on the
console to the surgical instruments with flexible joints making
a larger range of motion possible. This is of great benefit and
makes hand sewing easier to perform. Additionally, it allows
safe hand-sewn reinforcement stitches at any part of the oper-
ation. Prospective randomized studies need to be conducted to
compare hand sewing vs. stapling anastomosis regarding
anastomotic leakages and benign structure formation in
RAMIE.

Lymphadenectomy in MIE and RAMIE

Regarding overall survival, the extent of lymphadenectomy
during esophagectomy is crucial [58]. It is stated that a high
lymph node yield (at least 15 lymph nodes) is regardless of the
preoperatively staged nodal status, histopathological entity
(adenocarcinoma or squamous cell carcinoma), and surgical
approach, associated with improved overall survival [59]. A
meta-analysis by Visser et al. confirmed these findings in
western and eastern populations with and without neoadjuvant
therapy [60]. RAMIE offers meticulous and safe dissection in
delicate regions allowing sufficient extent of lymphadenecto-
my even in highly complex cases, e.g., after neoadjuvant treat-
ment or definitive radiation. The group in our institution found
an average of 28 lymph nodes resected using the Davinci Xi
[52] and a trend towards improved lymphadenectomy in
RAMIE compared with MIE [61]. In RAMIE, the possibility
of near-infrared fluorescent imaging (NIR) is additionally
helpful: either preoperatively injected labeled colloid or indo-
cyanine green dye (ICG) in submucosa can visually support
the identification of lymph nodes or vessel [62]. Modern ro-
botic platforms standardly offer this modality. However, a
matter of debate remains the necessity of lymphadenectomy
in the paratracheal region, which many surgeons only perform
for mid- and proximal tumors. When using robotic assistance,
these regions can be reached easier without risking unneces-
sary iatrogenic damage.

Additionally, the robotic system offers an extension of in-
dications for patients with locally advanced tumors. Tumors
with a preoperative stage < cT4b are often treated with defin-
itive or extended chemoradiation. After such treatment (e.g.,
radiation with 50 Gy compared with 41.5 Gy used in the
CROSS regimen), the tissue in the field of interest shows
fibrotic transformation hindering future surgical dissection.
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However, robotic assistance with better access to the upper
mediastinum can help resecting advanced, highly pretreated
and proximal tumors while avoiding damage to essential
structures and respecting the oncological resection margins.
Thus, patients with primary advanced local tumors and major
response to chemoradiation could be offered a surgical ap-
proach with radical resection. In a first Dutch case series, nine
of ten patients with T4b tumors, high mediastinal tumors, and
lymph node metastases after neoadjuvant treatment were treat-
ed successfully with RAMIE [63].

Conclusion

Until today, the multimodal concept treating esophageal can-
cer with a combination of chemo(radio)therapy and surgery is
a most promising approach for extended long-term survival.
Thereby, minimally invasive surgery proved to have reduced
perioperative morbidity with equivalent oncological radicality
and outcomes compared with open esophagectomy. There is a
trend towards minimally invasive applied intrathoracic anas-
tomoses; however, the benefit during the Ivor-Lewis proce-
dure must be analyzed in further studies. Robotic assistance
during esophageal surgery has been implemented as a safe and
feasible procedure analog to conventional MIE. Prospective
studies comparing RAMIE with MIE are still awaited. So far,
it seems that in locally advanced tumors and complex cases,
robotic assistance allows highest oncological radicality with-
out risking more complications. Furthermore, today’s im-
provements of existing robotic platforms lay the foundation
for future innovations such as artificial intelligence as well as
data and skill sharing.
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