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Summary

Background In the surgical treatment of esophageal
cancer, complete tumor resection is the most impor-
tant factor and determines long-term survival. With
an increase in robotic expertise in other fields of
surgery, robotic-assisted minimally invasive esophag-
ectomy (RAMIE) was born. Currently, there is a lack
of convincing data on the extent of expected ben-
efits (perioperative and oncologic outcomes and/or
quality of life). Some evidence exists that patients’
overall quality of life and physical function improves,
with less fatigue and pain 3 months after surgery.
We aimed to review the available literature regard-
ing robotic esophagectomy, compare perioperative,
oncologic, and quality of life outcomes with open
and minimally invasive approaches, and give a brief
overview of our standardized four-arm RAMIE tech-
nique and explore future directions.

Methods A Medline (PubMed) search was con-
ducted including the following key words: esophagec-
tomy, minimally invasive esophagectomy, robotic
esophagectomy, Ivor Lewis and McKeown. We present
the history, different techniques used, outcomes, and
the standardization of robotic esophagectomy.
Results Robotic esophagectomy offers a steeper learn-
ing curve with fewer complications but comparable
oncological results compared to conventional mini-
mally invasive esophagectomy.

Conclusions Available studies suggest that RAMIE
is associated with benefits regarding length of stay,
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clinical outcomes, and quality of life—if patients are
treated in an experienced center with a standard-
ized technique for robotic esophagectomy—making
it a potentially beneficial tool in the treatment of
esophageal cancer. However, center-wide standard-
ization and prospective data collection will be a ne-
cessity to prove superiority of robotic esophagectomy.
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Introduction

In the surgical treatment of esophageal cancer, com-
plete tumor resection is the most important factor
and determines long-term survival [1, 2]. Unfortu-
nately, less than 50% of patients initially present with
local disease [3], which is suitable for resection [4].
Resection is associated with considerable morbidity
and mortality, with complication rates ranging from
26-41% and perioperative mortality up to 10% when
performed in a conventional open manner, but 5-year
survival rates increase to up to 40% in patients who
successfully undergo curative surgery [5]. The surgi-
cal approach depends upon many factors, with the
most relevant being the location of the tumor, the tu-
mor stage, and especially the surgeon’s experience and
preferences, and the institution’s resources [6].

The pursuit of a reduction in perioperative mortal-
ity and morbidity in the treatment of esophageal
cancer led to innovations in minimally invasive
surgery, especially since the introduction of the da
Vinci robotic system (Intuitive, Sunnyvale, CA, USA).
With an increase in robotic expertise in other fields
of surgery, RAMIE was introduce. Today, there is little
convincing data on the extent of the expected bene-
fits of RAMIE, including perioperative and oncologic
outcomes and/or quality of life [4]. There is some
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evidence that that robotic approaches for esophagec-
tomy improve patients’ overall quality of life and
physical function, and lead to less fatigue and pain
3 months after surgery [7]. Nonetheless, while RAMIE
is a promising procedure, technical difficulties, long
operating times, and lack of experience make this
procedure difficult to adopt for many hospitals [8].
We aimed to review the available literature regarding
RAMIE, compare perioperative, oncologic, and qual-
ity of life outcomes with open and minimally invasive
approaches, give a brief overview of our standard-
ized four-arm RAMIE technique, and explore future
directions.

Methods

A Medline (PubMed) search was conducted on 24 Fe-
bruary 2020 including the following keywords: eso-
phageal cancer, esophagectomy, open esophagec-
tomy, minimally invasive esophagectomy, MIE, robot-

Table 1

Author Period Cases (n)
Melvin et al. [9] 2002 1
Giulianotti et al. [28] 2000-2002 5
Horgan et al. [29] NP 1
Kernstine et al. [10] 2002-2003 1
Bodner et al. [30] 2002-2004 5
Ruurda et al. [31] 2000-2004 22
Dapri et al. [32] 2002 2
Espat et al. [33] NP 15
Van Hillegersberg et al. [34] 2003-2005 21
Anderson et al. [35] 2004-2007 25
Kernstine et al. [36] 2004 14
Braumann et al. [37] 2002-2006 4
Galvani et al. [38] 2001-2004 18
Boone et al. [39] 2003-2007 47
Kim et al. [40] 2006-2008 21
Puntambekar et al. [41] NP 32
Dunn et al. [42] 2007-2010 40
Suda et al. [43] 2009-2011 16
Cerfolio et al. [44] 2012 22
De la Fuente et al. [45] 2010-2011 50
Diez Del Val et al. [46] 2009-2012 16
Hernandez et al. [47] 2010-2011 52
Ishikawa et al. [48] 2010-2011 4
Mori et al. [49] NP 1
Weksler et al. [50] 2008-2009 11
Sarkaria et al. [51] NP 21
Coker et al. [52] 2006-2012 23
Sarkaria et al. [53] 2012-2013 42
Trugeda et al. [54] 2008-2013 18
Puntambekar et al. [55] 2009-2012 83
Egberts et al. [22] 2013-2017 75

NP not published

assisted minimally invasive esophagectomy, RAMIE,
robotic esophagectomy, lymph node dissection, and
Ivor Lewis and McKeown. We reviewed all articles that
were in the English language and discussed robotic-
assisted techniques. We also included an overview
of our standardized approach and looked at future
developments.

Results

The first robotic esophagectomy with an intratho-
racic anastomosis was reported in 2002 by Melvin
et al. [9]; the first totally robotic McKeown three-field
esophagectomy was reported in 2004 by Kernstine
et al. [10]. Since then, the number of publications re-
garding robotic esophagectomy per year has steadily
increased. At first, published articles were merely case
reports with small numbers of patients. Over time and
with increasing experience, many authors began re-
porting their first results in robotic esophagectomy

Publications reporting case reports or small case series concerning robotic esophagectomy

Operation

Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic McKeown esophagectomy
Robotic transhiatal esophagectomy
Robotic Mckeown

Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic McKeown esophagectomy
Robotic transhiatal esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Robotic Mckeown

Hybrid

Robotic transhiatal esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic McKeown esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Robotic transhiatal esophagectomy
Hybrid robotic McKeown esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic Ivor Lewis esophagectomy
Al

Robotic Ivor Lewis esophagectomy
Hybrid robotic McKeown esophagectomy
Robotic transhiatal esophagectomy
Hybrid robotic McKeown esophagectomy
Robotic Ivor Lewis esophagectomy/robotic Mckeown
Robotic transhiatal esophagectomy
Robotic Ivor Lewis esophagectomy/robotic Mckeown
Hybrid robotic Ivor Lewis esophagectomy
Hybrid robotic McKeown esophagectomy
Robotic Ivor Lewis esophagectomy
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in small case series. In a recent review, Murthy et al.
[11] described early to fairly recently reported robotic
esophagectomy series, including the number of cases
and the operation (Table 1). Some surgical outcome
parameters were also reported within these relatively
small cohorts, where the leakage rate ranged from
0-40% and the length of hospital stay from 7-21 days.

Different RAMIE techniques

Currently, there are three main techniques in use:
(1) totally robotic transhiatal esophagectomy (THE)
with thoracic anastomosis; (2) totally robotic Ivor
Lewis (IL) esophagectomy with a thoracic anastomo-
sis; (3) totally robotic three-field McKeown esophagec-
tomy with a cervical anastomosis. Other reported
techniques consist of various hybrid combinations of
the abdominal and thoracic phase of the operation
being performed, using video-assisted thoracoscopic
surgery (VATS)/minithoracotomy/thoracotomy and
laparoscopy/minilaparotomy/hand port or full la-
parotomy. A general overview over the different tech-
niques is shown in Fig. 1. In addition, there is no
consensus regarding the ideal anastomotic technique
for the esophagogastric anastomosis.

There are various options available for the cervi-
cal anastomosis, consisting of a two-layer handsewn,
circular-stapled or linear-stapled technique (modified
collar) fashioned in an end-to-end, end-to-side, or
side-to-side fashion. For the intrathoracic esopha-
gogastric anastomosis, which is used in during robotic
IL esophagectomy, there is another option: the OrVil
(Medtronic, Meerbusch, Germany) transoral circular
stapling device, which permits transoral placement of
the anvil. A paper from Kang et al. [12] described their
preliminary experience in a case series with 215 pa-
tients undergoing minimally invasive IL esophagec-
tomy, which they found to be feasible and safe to

Fig. 1 Different  tech-
niques for minimally inva-
sive esophagectomy

/
=
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/

use, with an anastomotic leakage rate of only 2.7%.
These big differences in approach, anastomotic loca-
tion, and technique arose from the fairly limited ex-
periences in the early days of the robotic esophagec-
tomy.

To determine the value of the robotic approach in
the treatment of esophageal cancer, we compared it
to standard therapies.

Oncological and operative outcomes

Tagkalos et al. [13] compared the results of 50 robotic
IL esophagectomy procedures with 50 conventional
MIE operations performed by the same surgeon, using
an identical intrathoracic anastomotic reconstruction
technique with the same perioperative management
and pain control regimen. They found a higher lymph
node yield in the robotic group compared to the MIE
group (27 vs. 23, respectively; p=0.053) with no sta-
tistically significant differences. However, there was
a significantly lower median intensive care stay after
RAMIE (1 days vs. 2 days). The incidence of postop-
erative complications was not significantly different
between the two groups. The leakage rate was higher
in the MIE group than the RAMIE group (18% vs 12%),
but with no statistically significant difference.

Zhang et al. [14] recently compared MIE to
RAMIE in 66 matched pairs, also using propensity
score-matched cohorts. They found that the mean
(tstandard deviation) operative time was significantly
longer with RAMIE than the thoracoscopic-assisted
IL (TAIL) group (302.0+£62.9 vs. 274.7+38.0min,
P=0.004). There was no significant difference in the
rates of overall complications (28.8% vs. 24.2% for
RAMIE vs. TAIL, respectively), or in the median (in-
terquartile range) blood loss (200.0 ml [100.0-262.5] vs.
200.0ml [150.0-245.0]), length of stay (9.0 [8.0-12.3]
days vs. 9.0 [8.0-11.3] days), and total mean (+standard
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or open esophagectomy. However, if the down-time
of the robotic systems is decreased through an ad-
equate interdisciplinary usage, the overall operating
time is reduced with a gain in experience, the cost
per instrument is reduced though batch purchases,
and secondary costs become lower with a lower rate
off postoperative complications, and the overall extra
costs might decrease. However, there still is not suf-
ficient data about whether the secondary cost saving
counterbalance the primary investment.

Standardization of RAMIE

The implementation of robot-assisted surgery re-
quires a multidisciplinary approach, with appropriate
training and cooperation of surgical, anesthetic, and
technical staff. Besides acquiring the technical skills
and becoming used to the complex technique, patient
selection and an appropriate frequency of procedures
are required to avoid complications [19].

Analogous to the proctoring program in the imple-
mentation phase of radical prostatectomy [20], our
colleagues from UMC Utrecht developed a structured
training program to guide an upcoming RAMIE sur-
geon through the learning curve [21]. It consists of
three case observations in a specialized RAMIE cen-
ter, followed by a basic course in robot handling and
training on human cadavers. The experienced proctor
then supports the trainee in their first 3-10 esophageal
resections.

Following implementation, standardization takes
place. This allows continuous re-evaluation of the
technique to identify recurring technical and/or pro-
cedural problems. To facilitate this process, so-called
procedure guides can be helpful. In 2017, Egberts
et al. [22] published a standardized technique for
the robotic four-arm IL esophagectomy. After many
alterations, we present our standardized technique
for RAMIE. Initially, handsewn anastomosis were per-
formed; however, after internal re-evaluation of out-
comes, we switched to a circular-stapled anastomosis.
Our established technique is described below.

Table 3 Instruments used in the abdominal phase

Step of operation Arm 1 Arm 2

Lymphadenectomy and gastric and Fenestrated bipolar 30° camera

esophageal mobilization forceps

Gastric tube creation Fenestrated bipolar 30° camera
forceps

Implantation of feeding probe Fenestrated bipolar 30° camera
forceps

2 |ntuitive Surgery, Sunnyvale, CA, USA

Patient setup for the abdominal phase

With the arms set parallel to the torso, the patient
is positioned in a reverse Trendelenburg position at
a 25° angle with a 10° rotation to the right. After port
placement, the robotic side cart is docked, and the
surgical assistant is positioned on the righthand side
of the patient.

Surgical steps of the abdominal phase

After dissection of the hepatic artery and the lymph
node dissection up to the celiac axis, the branches of
the splenic and left gastric artery are prepared. The
gastric mobilization is done in a medial to lateral ap-
proach. After dissecting and widening the hiatus, the
esophagus can be released circumferentially and mo-
bilized high into the mediastinal cavity. The stomach
is then mobilized tension-free from the pylorus up to
the level of the right crus of the diaphragm.

A gastric tube with an approximately 5-cm diame-
ter is created, starting from the antrum of the greater
curvature, and carefully elongated with the robotic in-
struments. With a linear stapler, the conduit is par-
tially formed. This allows length adjustment during
the thoracic phase. The abdominal phase is con-
cluded with the implantation of a feeding probe in the
first jejunal loop [22]. Table 3 shows the instruments
used in the abdominal phase.

Patient setup for the thoracic phase

After being repositioned to a left lateral decubitus po-
sition, a further ventral rotation is necessary to reach
a modified prone position, to allow quick conversion
to open surgery if necessary. Our instruments used
during the thoracic phase are shown in Table 4.

Surgical steps of the thoracic phase

After initiating a single lung ventilation, the tho-
racic ports are placed and the robotic cart is docked.
The azygos vein is dissected along its full intratho-
racic length and divided between two large clips;
the aortic adventitia, the mediastinal pleura, and the
pericardium are dissected along anatomical planes
for en bloc resection of the esophagus and parae-

Arm 3 Arm 4

Monopolar curved scissors, Harmonic ACE® Curved  Tip-up fenestrated

Shears?, Vessel Sealer grasper

Harmonic ACE® Curved Shears? Tip-up fenestrated
grasper

Large needle driver Tip-up fenestrated
grasper

Table 4 Instruments used during the thoracic phase

Step of operation Arm 1 Arm 2 Arm 3 Arm 4

Thoracic esophageal dissection Tip-up fenestrated grasper Fenestrated bipolar forceps 30° camera Monopolar curved scissors
Fashioning the anastomosis Fenestrated bipolar forceps - 30° camera Large needle driver
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sophageal tissue. The gastric tube is mobilized into
the thoracic cavity. Afterwards, the specimen can be
removed, and the length and perfusion of the gastric
tube is examined. An end-to-side esophagogastros-
tomy using a circular stapler is then done and finished
with a circular stitch over. Finally, the trocar wounds
are closed and a chest tube is placed.

After improving our technique to the actual state,
we used the so-called double console to enable inex-
perienced surgeons to gain initial experience by taking
over part of the operation. The experienced surgeon
at the second console always has the possibility of tak-
ing control of the robot with little effort. In this way,
even complex substeps can be learned step-by-step
without increasing the risk for the patient.

Improved teaching methods in standardized RAMIE

Van Worksum et al. [23] analyzed the data of 646 pa-
tients who underwent conventional MIE. Using the
CUSUM analysis, they found that in 119 cases the
length of learning curve was based on anastomotic
leakage. During the learning curve, the incidence of
leakage decreased from a mean of 18.8% to 4.5% after
the 119 cases. Using the area under the curve method,
they concluded that in 36 patients (10.1%) the anasto-
motic leakage was associated with the learning curve,
drastically increasing the mortality, which could have
been prevented if these patients had been operated
by a surgeon who had already completed the learn-
ing curve. In comparison, van der Sluis et al. [24]
reported the RAMIE learning curve to be much lower.
They found that 70 procedures over 55 months were
necessary to reach a plateau. If proctored by an expe-
rienced surgeon, the learning curve steepened. They
were able to show a 76% reduction in the time needed
to finish the learning curve (to just 13 months), and
a 66% reduction in the number of operations needed
(24 cases). This makes RAMIE more feasible for sur-
geons in smaller hospitals.

After successful implementation, it is vital to reg-
ularly monitor the approach used and adapt it based
on results. However, there is still no definitive data re-
garding the best way for fashioning the anastomosis.
A review from Plat et al. [25] analyzed the different
anastomotic approaches and stated that with limited
robotic experience, circular stapling might be the pre-
ferred technique; however, this requires a well-trained
bedside assistant. The linear-stapling technique or
handsewn technique are more challenging but enable
experienced robotic surgeons to perform a controlled
anastomosis without bedside support.

Outlook

In the quest towards reducing the intraoperative risk
for patients while reaching for the best oncologi-
cal outcome possible, many experts worldwide have
tried to expand the boundaries. In 2019, Egberts

et al. [26] published a case series of a new robotic
approach called robotic-assisted cervical esophagec-
tomy (RACE), which uses a single port combined
with a transhiatal approach in a rendezvous tech-
nique. For the proof of concept, they first tried the
individual surgical steps using cadavers in a medi-
cal training center (Medizin im Griinen, Wendisch
Rietz, Germany), then refined them with increasing
experience. This procedure should reduce the risk
of pulmonary complications because no single lung
ventilation or thoracic access are necessary. In all
cases, RACE was completed by a cervical robotic ap-
proach and a laparoscopic transhiatal dissection. No
conversion to conventional robotic-assisted transtho-
racic esophagectomy or open surgery was needed.
The mean (range) operating time was 344 (292-433)
min, with a blood loss of 120 (20-180) ml. All patients
underwent curative surgery with pathologically neg-
ative circumferential resection margins. Overall, this
method could be applied to patients who otherwise
may not be suitable for surgical therapy due to other
comorbidities.

Particularly against the background of the planned
market launch of the da Vinci Single Port System, the
rapid development in this field of surgery is certainly
not yet complete. In addition, the market launch of
further robotic operating systems from other manu-
facturers is imminent, and there is a well-founded
hope that new impulses will spur further development
in the emerging competition. Another big advance-
ment on the horizon is the integration of augmented
reality, making it possible for intraoperative naviga-
tion through overlapping MRI images.

Conclusions

Esophagectomy is a very difficult procedure with high
rates of morbidity and mortality and huge differences
in technique between robotic centers and surgeons,
as well as differences in outcome assessments. When
first introduced, only small case series or even case re-
ports from the first experiences were available, which
showed that RAMIE was safe and feasible. With in-
creasing experience, the first retrospective analyses of
prospectively collected data were published. These
showed a non inferiority or even a superiority of
RAMIE compared to MIE or open esophagectomy for
some primary endpoints, such as estimated blood
loss, RO resection, or even mortality and morbidity.
The first randomized trial supported these findings.
However, the data available are still biased because
of the varying stages of the learning curve, currently
making it nearly impossible to make a fair compar-
ison. Another step towards better comparability is
the standardized documentation of complications.
Low et al. [27] and the Esophagectomy Complica-
tion Consensus Group proposed a system for defining
and recording perioperative complications associated
with esophagectomy. This should provide an infras-
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tructure to standardize international data collection
and facilitate future comparative studies and quality-
improvement projects. Nevertheless, the available
studies suggest benefits regarding length of stay, clin-
ical outcomes, and quality of life—if patients are
treated in an experienced center with a standardized
RAMIE technique. In addition, technical possibili-
ties combined with robotic surgery allow faster and
therefore safer surgical education, reducing patient
morbidity and mortality. The rapid development in
this field of surgery is certainly not yet complete, as
highlighted by the planned market launch of the da
Vinci Single Port System. Based on the ongoing tech-
nical advances in robotic surgery and the positive re-
sults from single center experiences, it will be exciting
to see whether the results from ongoing prospective
studies can support the proposed noninferiority of
robotic esophagectomy, making RAMIE a beneficial
tool in the treatment of esophageal cancer.
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