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Abstract
Minimally invasive esophagectomy (MIE) was introduced in 
the 1990s with the aim to decrease the rate of respiratory 
complications associated with thoracotomy, along with the 
benefits of reduced morbidity and a quicker return to normal 
activities provided by minimally invasive techniques. How-
ever, MIE is not routinely applied as a standard approach for 
esophageal cancer worldwide, due to the high technical 
complexity of this minimally invasive procedure. Therefore, 
the open transthoracic esophagectomy is considered to be 
the gold standard for resectable esophageal cancer world-
wide nowadays. In this article, the current status of conven-
tional MIE and robot-assisted minimally invasive thoraco-
laparoscopic esophagectomy will be reviewed.

© 2019 The Author(s) 
Published by S. Karger AG, Basel

Minimally Invasive Esophagectomy

In 1992, Cuschieri et al. [1] were the first who reported 
on minimally invasive esophagectomy (MIE) in 5 pa-
tients. In this series, the esophagus was mobilized by vid-
eo-assisted thoracoscopic surgery combined with lapa-
rotomy. This technique, which later was included in the 
category of hybrid techniques, was the first combining 
thoracoscopic technique and laparotomy [1, 2, 3]. The 
study was followed by a few reports on minimally invasive 
techniques in esophageal resection, with many surgeons 
worldwide starting to adopt techniques and combina-
tions of thoracotomy-thoracoscopy and laparotomy-lap-
aroscopy, in order to become competent in MIE. Collard 
et al. [4] and McAnena et al. [5] also reported on throra-
coscopic resection, while DePaula et al. [6] reported on 
laparoscopic transhiatal resection in 1995.
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It was not until 2003, when Luketich et al. [7] reported 
the first large series of totally MIE (thoracoscopy plus 
laparoscopy) and showed an impressively low morbidity 
and mortality in 222 patients. In this study, pneumonia 
rate and 30-day mortality were 7.7 and 1.4%. Until re-
cently, MIE was performed with the patient in the left 
lateral decubitus position. However, this approach re-
quires total lung collapse and is therefore often accom-
panied by serious pulmonary complications. In order to 
standardize the technique of MIE and consequently 
overcome the associated technical difficulties, MIE in 
prone position was published by Palanivelu et al. [8] in a 
large patient cohort. This study showed that prone posi-
tion is feasible, has lower respiratory complications, and 
a shorter operative time because of the excellent expo-
sure of the operative field and the better ergonomics of 
the surgeon’s stance [9]. On the other hand, urgent con-
version to a classic thoracotomy, if needed, is probably 
more difficult in the prone position. Esophageal resec-
tion in a modified semiprone position was later adopted 
by surgeons around the world, as a solution to overcome 
this problem, while retaining the benefits of the prone 
position [10].

Following the initial published studies, MIE subse-
quently gained an increasing acceptance. Overall, total 
MIE via a transthoracic approach transthoracic esopha-
gectomy (TTE) is certainly the most common modality of 
esophageal resection [11]. The first published random-
ized control trial comparing outcomes after minimally 
invasive TTE and open TTE was the Traditional Invasive 
vs. Minimally Invasive (TIME) trial in 2012. This study is 
still considered the cornerstone of MIE studies, assessing 
several perioperative outcomes, as well as oncologic out-
comes, and quality of life measurements, even though the 
study was primarily powered to assess perioperative com-
plications [12, 13]. To date, together with the one pub-
lished RCT (TIME), there are 8 meta-analyses completed 
between 2009 and 2017, which have compared periopera-
tive and oncologic outcomes of MIE and OE (Tables 1, 2) 
[14–21].

Several intraoperative parameters have been studied 
in the medical literature since the adoption of MIE tech-
niques, such as operative time and associated blood loss. 
Total operative time has been shown to be consistently 
longer for MIE than for OE. TIME trial reported average 
operative time to be 329 min for MIE-TTE vs. 299 min 
for open TTE (p = 0.002) [13], which was consistent with 
the meta-analysis by Nagpal et al. [15] who found longer 
operative time during MIE when compared to OE. Kuni-
saki et al. [22], Shiraishi et al. [23], and Yibulayin et al. 

[18] have also reported longer duration, perhaps due to 
surgeons’ learning curve of a new and complex tech-
nique. Furthermore, blood loss in MIE group was found 
to be lower than in OE group in studies published by Gi-
ugliano et al. [11], Nagpal et al. [15], and Guo et al. [19] 
The TIME trial reported an average blood loss of 200 mL 
for MIE patients compared to 475 mL for OE patients 
[13].

As far as total complication rates are concerned, a me-
ta-analysis published by Yibulayin et al. [18], including 
5,991 cases of esophageal resections, reported 41.5% for 
the MIE group, whereas 48.2% were allocated to OE 
group (p < 0.05). This finding was similar to that reported 
by Guo et al. [19] who showed significant differences in 
total complications between the open group and MIE 
group (risk ratio [RR] 1.20; 95% CI 1.08–1.34; p = 0.0009).

In the same studies, several perioperative complica-
tions have been studied in detail. First of all, the TIME 
trial [13] initially reported a significant decrease in pul-
monary infection rates in MIE group of patients when 
compared with OE group (29 vs. 57%, p = 0.005), a find-
ing similar to that reported in meta-analyses by Napgal et 
al. [15] and Guo et al. [19]. Similarly, Lv et al. [20] showed 
that patients had less respiratory complications (RR 0.74, 
95% CI 0.58–0.94, p = 0.01) with MIE, as Xiong et al. [21]. 
Another potentially lethal complication following esoph-
ageal surgery is anastomotic leak. The rate of this compli-
cation ranges from 0 to 12% and has proved to be similar 
between MIE and OE groups [11]. Yibulayin et al. [18] in 
their meta-analysis, which included 50 studies that re-
ported anastomotic leak rates, indicated that there is no 
evidence of reduced anastomotic leak in MIE group (OR 
1.023, 95% CI 0.870–1.202, p value = 0.785) in accordance 
with Zhou et al. [24] conclusion [21].

Cardiovascular complications such as arrhythmia, 
heart failure, acute myocardial infarction, deep vein 
thrombosis, and pulmonary embolism were less  apparent 
in MIE group of patients (OR 0.770, 95% CI 0.681–0.872, 
p value <0.05) as Zhou et al. [24] have also found in their 
study [18]. On the other hand, gastrointestinal complica-
tions, including gastric tube necrosis, anastomotic stric-
turen and delayed gastric emptying were the same be-
tween MIE and OE groups [18]. Surgical technique-re-
lated complications such as splenic laceration, tracheal 
laceration, pneumothorax, chylothorax, and hemor-
rhage were fewer in MIE patients (OR 0.770, 95% CI 
0.681–0.872, p value <0.05) as opposed to Rizk et al. [25] 
study.

Recurrent laryngeal nerve palsy incidence has been re-
ported in previous studies to range between 3.6 and 7% 
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[7]. Despite the fact that TIME trial and Xiong et al. [21] 
showed a significantly lower rate of vocal cord palsies and 
recurrent laryngeal nerve injuries, meta-analyses contact-
ed by Nagpal et al. [15], Guo et al. [19], and Sgourakis et 
al. [16] failed to show any difference.

Another concern after the implementation of MIE was 
the length of hospital stay. Rodham et al. [26] found that 
those who underwent MIE left hospital 3 days earlier on 
average than those in OE group, whereas Guo et al. [19] 
observed a mean reduction of 1.8 days.

Despite less blood loss, less pulmonary complica-
tions, and shorter hospital stays in MIE group, several 
studies have failed to show reduced mortality rates after 
minimally invasive techniques [12, 13]. On the con-
trary, Yibulayin et al. [18] reported strong evidence of 

reduced mortality (OR 0.668, 95% CI 0.539–0.827, p val-
ue <0.05).

Oncologic outcomes in esophagectomized patients in-
clude rate of R0 resection, lymph node retrieval, disease 
free, and overall survival. R0 resection rate was found to 
be 92% in MIE and 84% in OE [3]. Burdall et al. [27] de-
scribed reduction of R1 resection in their published ret-
rospective analysis in MIE patients. More specifically, 
they found R1 resections of about 6.1% in MIE and 15.6% 
in OE.

The studies comparing the number of lymph nodes 
harvested in MIE compared to OE show that the resec-
tion is at least equal in MIE patients. In their studies, 
Osugi et al. [28] and Smithers et al. [29] reported an 
equal number of lymph nodes. Similarly, Biere et al. [12] 

Table 1. Meta-analyses comparing short-term results of MIE and OE

Year
of
publication

Number
of patients
included, n

Intraoperative
blood
loss

Total
operative
time

Hospital
stay

Total
complications

Pulmonary
complications

Anastomotic
leak

Xiong
et al. [21]

2017 488 More in OE
p = 0.001

Longer in
MIE
p < 0.001

Shorter in
MIE
p < 0.001

NR Lower in
MIE
p < 0.001

NSD

Yibulayin
et al. [18]

2016 15,790 More in OE
p = 0.05

Longer in
MIE
p < 0.05

Shorter in
MIE
p < 0.05

Lower in
MIE
p < 0.05

Lower in
MIE
p < 0.05

NSD

Lv
et al. [20]

2016 6,025 More in OE
p = 0.0009

Longer in
MIE
p = 0.009

NR NR Lower in
MIE
p = 0.01

NSD

Guo
et al. [19]

2016 1,549 More in OE
p = 0.001

NR NR Lower in
MIE
p = 0.0009

Lower in
MIE
p = 0.03

NSD

Dantoc
et al. [17]

2012 1,212 NR NR NR NR NR NR

Nagpal
et al. [15]

2010 1,284 More in OE
p < 0.001

Longer in
MIE
p < 0.001

Shorter in
MIE
p = 0.004

Lower in
MIE
p = 0.007

Lower in
MIE
p = 0.04

Lower in
MIE
p = 0.02

Sgourakis
et al. [16]

2010 1,008 NR NR NR Lower in
MIE
p < 0.05

NSD NSD

Biere
et al. [14]

2009 1,061 More in OE
(in most
of the
included
studies)
p value NR

Longer in
MIE (in
most of
the included
studies)
p value NR

Shorter in
MIE (in most
of the
included
studies)
p value NR

NSD (in
most of the
included
studies)
p value NR

NSD Lower in 
MIE
p = 0.03

MIE, minimally invasive esophagectomy; OE, open esophagectomy; NR, not reported; NSD, not statistically significant.
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confirmed these results in a randomized trial. On the 
other hand, Dantoc et al. [17] found an increased num-
ber of harvested lymph nodes during MIE compared to 
OE (16 vs. 10, p = 0.025). A recently published popula-
tion-level study from Duke University also noted a high-
er number of lymph nodes (15 vs 13; p = 0.016) [30]. 
Since the adoption of MIE in prone position, the average 
number of harvested lymph nodes is increasing when 
compared to MIE in lateral decubitus position, which 
was used in the beginning of minimally invasive tech-
niques [9].

In view of long-term results, Osugi et al. [28] reported 
comparable 3-year survival rates following hybrid MIE 
and OE in patients that underwent 3-field lymphadenec-
tomy. Furthermore, Smithers et al. [29] described com-
parable 3-year survival rates following 2-field esophagec-
tomies. In their systematic review, Dantoc et al. [31] de-
scribed comparable 3-year survival rates but suggested 
an improved 1-year survival for MIE compared with OE 

(84.3 vs. 76.9%, p = 0.07). In a population-based analysis 
of 18,673 esophagectomies performed in England be-
tween 1996/1997 and 2007/2008, Lazzarino et al. [32] 
found a statistical trend toward increased 1-year survival 
following MIE when compared to OE. Guo et al. [19] in-
dicated in their meta-analysis that MIE does not com-
promise the long-term curative effect for patients with 
esophageal cancer and in fact has a better 2-year survival 
rate.

Robot-Assisted Minimally Invasive  
Thoraco-Laparoscopic Esophagectomy

In 2003, robot-assisted minimally invasive thoraco-
laparoscopic esophagectomy (RAMIE) was developed to 
overcome the technical limitations of MIE [33]. Robotic 
surgery benefits from a stable 3-dimensional, magnified 
view and articulated instruments enabling precise dissec-

Table 2. Meta-analyses comparing oncologic outcomes of MIE and OE

Year
of
publication

Number
of patients
included, n

Harvested
lymph
nodes

R0
resection

30-day
mortality

1-year
survival

2-year
survival

3-year
survival

5-year
survival

Xiong
et al. [21]

2017 488 NSD NR NSD NR NR NR NR

Yibulayin
et al. [18]

2016 15,790 NSD NR Lower in
MIE
p < 0.05

NR NR NR NR

Lv
et al. [20]

2016 6,025 NSD NSD NSD NR NR NR NR

Guo
et al. [19]

2016 1,549 NR NR NSD NSD Better in
MIE
p = 0.045

NR NSD

Dantoc
et al. [17]

2012 1,212 More in
MIE
p = 0.04

NR NSD NSD NR NSD NSD

Nagpal
et al. [15]

2010 1,284 NSD NR NSD NR NR NR NR

Sgourakis
et al. [16]

2010 1,008 NSD NR NSD NSD NSD NSD NSD

Biere
et al. [14]

2009 1,061 NSD (in
most of the
included
studies)
p value NR

NR NSD NR NR NR NR

MIE, minimally invasive esophagectomy; OE, open esophagectomy; NR, not reported; NSD, not statistically significant.
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tion with 7 degrees of freedom of movement [33]. For the 
development of RAMIE by our group, a 5-stage develop-
ment process for the assessment of surgical innovation 
(IDEAL) was followed [34].

Our initial experience, with 21 patients with resectable 
esophageal cancer undergoing RAMIE (stage 1, Idea), 
was described in a prospective cohort study in 2006 [33]. 
Technical feasibility and early technical modifications 
were described in 2009 in a prospective cohort study in-
cluding 47 patients (stage 2a, Development) [35]. In 2015, 
the oncological long-term follow-up was described in a 
prospective cohort study including 108 patients [36] 
(stage 2b, Exploration). Stage 1–2b focused on the devel-
opment of a new technique and the description of its out-
comes. Before analysis of a novel surgical technique with 
the current standards can be performed, the learning 
curve of the novel technique has to be completed. In 2012, 
when the trial was initiated, our center was the only cen-
ter worldwide that had clearly passed the learning phase 
with a joint experience of > 170 RAMIE procedures [37]. 
Stage 3 (Assessment) aims to assess effectiveness against 
current standards. For resectable esophageal cancer, the 
open TTE is considered to be the gold standard world-
wide [3]. Therefore, we compared RAMIE to open TTE 
in a randomized controlled trial.

As no other institution worldwide had comparable 
surgical expertise, it was decided to perform a single cen-
ter randomized controlled trial. The trial design, ratio-
nale, and the protocol were published in 2012 [38].

Between January 2012 and August 2016, 236 patients 
with resectable intrathoracic esophageal cancer were 
screened in the UMC Utrecht, of whom 138 patients 
were considered eligible for the ROBOT trial. Finally, 
112 patients (allocation ratio 81%) were randomized in a 
1: 1 fashion to undergo either RAMIE or open TTE, and 
109 patients were included in the intention to treat anal-
ysis. The primary endpoint of the occurrence of overall 
surgery-related postoperative complications (MCDC 
grade ≥2) occurred in 32 of 54 patients after RAMIE 
(59%) and in 44 of 55 patients after open TTE (80%; RR 
with RAMIE 0.74 [0.57–0.96; p = 0.02]). Pulmonary 
complications were the most frequently observed sec-
ondary endpoint and occurred in 17 of 54 patients in the 
RAMIE group (32%) and in 32 of 55 patients in the open 
TTE group (58%; RR 0.54 [0.34–0.85; p = 0.005]). Car-
diac complications were observed in 17 of 45 patients in 
the RAMIE group (22%) and in 26 of 55 patients in the 
open TTE group (47%; RR 0.47 [0.27–0.83; p = 0.006]). 
Functional recovery at postoperative day 14 was signifi-
cantly better in the RAMIE group (38 of 54 patients 

(70%) compared to the open TTE group (28 of 55 pa-
tients, 51%; RR 1.48 [1.03–2.13; p = 0.04]). Both at dis-
charge as well as 6 weeks post-discharge, QoL was higher 
after RAMIE compared to open TTE (mean difference 
13.4 (2.0–24.7, p = 0.02) and 11.1 (1.0–21.1; p = 0.03), 
respectively; Table 3) [39]. Mean postoperative pain 
(VAS) during the first 14 days was significantly lower af-
ter RAMIE compared to open TTE (1.86 vs. 2.62, p = 
0.000) [39].

It was concluded that RAMIE was associated with a 
significant lower percentage of postoperative complica-
tions compared to open TTE. RAMIE was also associated 
with less blood loss, a lower percentage of pulmonary 
complications, and cardiac complications compared to 
open TTE, with lower postoperative pain and better func-
tional recovery and short term quality of life. Oncologic 
outcomes, such as the percentage of radical resections 
(R0), the number of resected lymph nodes, and disease-
free and overall survival were comparable between groups 
and in concordance with the highest standards world-
wide nowadays [39].

Stage 4 (Long-term study) of the IDEAL recommen-
dations is currently assessed with the extension of indica-
tions for RAMIE in upper oesophageal cancer with upper 
mediastinal lymph node metastases, cT4b oesophageal 
cancer following downstaging with neoadjuvant therapy 
or other types of salvage surgery, and registration of cases 
in the national registry database the Dutch Upper Gastro-
intestinal Cancer Audit [40].

The RAMIE technique is now proctored to other cen-
ters worldwide. We showed that the first 70 cases formed 
the initial learning phase for RAMIE and that structured 
proctoring program reduced the learning phase to 24 
cases, which corresponded to a reduction of 66% in the 
number of operations and a reduction of 76% in time 
[37].

We started with a proctoring program for surgeons 
from other hospitals and designed a structured training 
program for RAMIE. The following conditions have to be 
applicable in order for the proctoring program to be suc-
cessful for newly introduced surgeons: 2 motivated sur-
geons experienced in esophageal surgery and preferably 
in minimally invasive gastrointestinal surgery, a dedicat-
ed anesthesiologist, RAMIE specialized scrub nurses, a 
sufficient case load (> 20 cases/year), and guaranteed ac-
cess to a robotic system [37, 40]. The program started 
with 2–3 case observations in our RAMIE expert center, 
followed by a basic and dedicated esophageal robotic 
course in a cadaveric lab. The first case at the own hospi-
tal was always proctored by an expert. Hereafter, the 
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proctor supervised the surgeon for the first 2–10 cases 
and reviewed the skills after the first 20–25 procedures 
[37, 40]. We have trained now 5 centers in Europe that 
are performing RAMIE as their preferred surgical ap-
proach with very good results. These results will be ana-
lyzed in the near future. In our opinion, it seems possible 
to reproduce the results for RAMIE in other centers, after 
passing the learning curve for RAMIE.

Discussion

Together with the previous randomized trial compar-
ing MIE to open TTE (TIME-trial) [11], results of this 
randomized controlled trial provide evidence to use min-
imally invasive surgery for patients with resectable esoph-
ageal cancer aiming at improving postoperative outcomes 
and quality of life with comparable oncologic results.

The question arises whether RAMIE is superior to 
conventional MIE. To show the benefits of RAMIE over 
conventional MIE in a randomized trial would require a 
large number of patients as differences will be more sub-

tle compared to the open surgical technique. Such a trial 
could only be performed in a worldwide multicenter fash-
ion, where participating surgeons should be skilled in 
both conventional MIE and RAMIE and for both reasons, 
such a randomized controlled might not be feasible. A 
large number of patients included in national or world-
wide prospective database registries, with a defined pro-
tocol for registering complications according to the defi-
nitions stated by the Esophagectomy Complications 
Consensus Group and reporting of patient comorbidities, 
could answer the question whether RAMIE or MIE is su-
perior to open esophagectomy or to each other.

Differences between MIE and RAMIE in postopera-
tive complications and oncologic outcomes might be 
marginal. Quality of life, better ergonomics for the sur-
geon, and cost effectiveness might be important end-
points in these prospective registry studies.

Disclosure Statement

R.H.: is a Proctor for Intuitive Surgical Inc.

Table 3. Postoperative statistics ROBOT trial (n = 109)

RAMIE (n = 54) OTE (n = 55) p value

Primary endpoint, n (%)
Related complications (MCDC 2, 3, 4, and 5) 32 (59) 44 (80) 0.02
No related complications (MCDC 0, 1) 22 (41) 11 (20)
Secondary endpoints, n (%)
Pulmonary complications 17 (32) 32 (58) 0.005
Cardiac complications 12 (22) 26 (47) 0.006
Anastomotic leakage 0.57

Type I (conservative) 0 (0) 0 (0)
Type II (nonsurgical intervention) 1 (2) 0 (0)
Type III (surgical intervention) 12 (22) 11 (20)

Chylothorax 0.69
Type I (dietary, low fat elemental formula gavage) 9 (17) 6 (11)
Type II (total parenteral nutrition) 6 (11) 5 (9)
Type III (operative) 2 (4) 1 (2)

Recurrent laryngeal nerve injury 0.78
Type I (no therapy) 5 (9) 6 (11)

In-hospital mortality 2 (4) 1 (2) 0.62*
30-day mortality 1 (2) 0 (0) 0.50*
Functional recovery within first 2 weeks, n (%) 38 (70) 28 (51) 0.04
Quality of life (QLQ–C30)

Health-related quality of life (discharge) 57.9 (49.9–66.1) 44.6 (36.7–52.5) 0.02
Health-related quality of life (6 weeks) 68.7 (61.5–75.9) 57.6 (50.6–64.6) 0.03
Physical functioning (discharge) 54.5 (45.8–63.3) 41.0 (32.4–49.6) 0.03
Physical functioning (6 weeks) 69.3 (61.6–76.9) 58.6 (51.1–66.0) 0.049

RAMIE, robot-assisted minimally invasive esophagectomy.
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