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Summary Due to the complexity of the procedures
and the texture of the organ itself, pancreatic surgery
remains a challenge in the field of visceral surgery.
During the past decade, a minimally invasive ap-
proach to pancreatic surgery has gained distribution
in clinical routine, extending from left-sided pro-
cedures to pancreatic head resections. While a la-
paroscopic approach has proven beneficial for many
patients with left-sided pancreatic pathologies, the
complex reconstruction in pancreas head resections
remains worrisome with the laparoscopic approach.
The robotic technique was established to overcome
such technical constraints while preserving the ad-
vantages of the laparoscopic approach. Even though
robotic systems are still in development, especially
in pancreatoduodenectomy, the current literature
demonstrates the feasibility of this approach and sta-
ble clinical and oncological outcomes compared to
the open technique, albeit only under the condition of
such operations being performed by specialist teams
in a high-volume setting (>20 robotic pancreatico-
duodenectomies per year). The aim of this review is
to analyze the current evidence regarding a minimally
invasive approach to pancreatic surgery and to review
the potential of a robotic approach. Presently, there
is still a scarcity of sound evidence and long-term
oncological data regarding the role of minimally inva-
sive and robotic pancreatic surgery in the literature,
especially in the setting of pancreaticoduodenectomy.
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Introduction

Pancreatic surgery is among the most challenging pro-
cedures in visceral surgery and burdened with high
morbidity and mortality rates [1, 2].

Minimally invasive pancreatic surgery was first in-
troduced in 1994 by Gagner and Pomp [3] and con-
veys the advantages of a laparoscopic approach, such
as reduced operative blood loss, shorter length of stay,
and reduced surgical site infections. Especially in the
past decade, minimally invasive pancreatic surgery
became more widespread [4–9]. This mainly relates
to laparoscopic distal pancreatectomy (LDP), whereas
laparoscopic pancreaticoduodenectomy (LPD) is lack-
ing popularity among most pancreas surgeons [10,
11]. One of the main reasons for the rather slow up-
take of LPD is the complexity of the procedure itself.
Especially the reconstruction with three anastomoses
in a laparoscopic setting with two-dimensional imag-
ing, the limited degree of freedom of movement, and
the fulcrum effect remains challenging [12, 13].

To overcome the previously described disadvan-
tages of the laparoscopic approach, robotic surgical
systems have been introduced [14]. By providing
a three-dimensional stereoscopic view, a reduction of
tremor, and seven degrees of freedom, robotic sys-
tems support the surgeon in intracorporal suturing
and dissection, whilst offering ergonomic comfort.
The currently most commonly used robotic platform
is the DaVinci® surgical system (Intuitive Surgical®
Inc., Sunnyvale, CA, USA).

In 2003, the first case series of robot-assisted pan-
creaticoduodenectomy was published by Giulianotti
et al., suggesting that robotic pancreas surgery is safe
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and feasible in a clinical setting [15]. Since then,
several series of robotic pancreas surgery have been
published with a wide range of indications (pancre-
atoduodenectomy, distal pancreatectomy, total pan-
createctomy, pancreatic tumor enucleation, etc.) [16,
17]. Despite numerous promising results in robotic
surgery of the pancreas, relevant controversies like
cost-effectiveness still remain [18, 19].

Nevertheless, trend analyses from the US and
Europe demonstrate a steady increase in usage of
robotic pancreas surgery. In 2018, Stewart et al. re-
ported an overall fivefold increase (<1% to 3%) in
4 years in robotic surgery using data from a na-
tional US database. In the same time period, an
increase in laparoscopic surgeries from 10% to 13%
and a decrease in open surgery from 89% to 84%
were reported (p< 0.001) [20]. In 2014, European
data demonstrated that robot-assisted minimally in-
vasive pancreatic surgery was performed by 14% of
the surveyed surgeons [8].

Pancreatic surgery

The main pancreatic procedures are a pancreatoduo-
denectomy (PD) and a distal pancreatectomy (DP).
Main indications for DP include benign pathologies,
premalignant (e.g., IPMN), and malignant tumors
(e.g., pancreatic ductal adenocarcinoma, pancreatic
neuroendocrine, etc.) [21–23].

The vast majority of the indications for PD are ma-
lignant tumors located in the periampullary region
and the head of the pancreas. Only a small percentage
of the performed procedures are because of nonma-
lignant neoplastic diseases and chronic pancreatitis
[24–26].

Despite a continuous improvement in surgical
technique and postoperative care, mortality rates are
still high [1, 2]. Recent nationwide data from Ger-
many report an overall in-hospital mortality of 10.1%
for pancreatic surgery. Mortality rate was highest in
total pancreatectomy compared to PD and DP (22.9%,
7.7%, and 7.3%, respectively) [27]. In 2019, a retro-
spective analysis reported an in-hospital mortality
rate of almost 7% and a severe complication rate (like
sepsis, peritonitis, ventilation >48h) of up to 27.7% in
approximately 70,000 patients who underwent pan-
creatic surgery, making it one of the most complex
procedures in visceral surgery [28]. One of the major
factors influencing morbidity and mortality rates is
the postoperative development of pancreatic surgery-
specific complications like postoperative pancreatic
fistula (POPF) and post-pancreatectomy hemorrhage
(PPH). POPF grades B and C are considered to be
clinically relevant (CR-POPF) according to the Inter-
national Study Group of Pancreatic Fistula (ISGPF)
[29]. CR-POPF rates have been shown to be between
20 and 40% in recent literature [23, 30, 31].

Laparoscopic pancreatic surgery

Patients after laparoscopic pancreatic surgery benefit
from shorter length of hospital stay, reduced operative
blood loss, and less delayed gastric emptying (DGE)
[6, 7, 23, 32]. However, particularly in laparoscopic
PD, concerns regarding safety were raised. Increased
rates of postoperative bleeding, CR-POPF, and higher
readmission rates were observed [33–35].

Laparoscopic distal pancreatectomy

Laparoscopic distal pancreatectomy (LDP), first de-
scribed in 1994, has been shown to be much more
applicable than LPD due to the absence of challeng-
ing reconstructions [10, 36–38].

In a multicenter randomized controlled trial
(LEOPARD) comparing minimally invasive DP (MIDP)
vs. open DP (ODP), the authors reported MIDP to be
associated with a statistically significant decrease in
intraoperative blood loss, time to functional recovery,
length of hospital stay, and DGE. Further, the overall
complication rate did not differ from ODP. Addition-
ally, a conversion rate from MIDP to open DP of 8%
was observed [23]. Further reports as well as con-
sensus statements displayed superiority of LDP over
ODP, while reporting non-inferiority in terms of sur-
gical radicality (R0 resection, lymph nodes harvested)
[32, 39]. Therefore, several authors stated that MIDP
is the treatment of choice for patients with left-sided
pancreatic tumors [23, 32, 39].

In conclusion, laparoscopic distal pancreatectomy
is recognized as a well-established approach to left-
sided resections for benign as well as confined ma-
lignant lesions. Within these borders, it may be con-
sidered the treatment of first choice in patients with
lesions left of the portomesenteric axis without vascu-
lar involvement.

Laparoscopic pancreatoduodenectomy

Laparoscopic PD is technically more advanced than
LDP due to the complexity of the dissection and the
following reconstruction. To compare the safety and
feasibility of the laparoscopic approach, large obser-
vational studies were initiated. Recent randomized
clinical trials have shown similar or lower postoper-
ative morbidity and mortality rates (including POPF
and DGE) as well as a shortened length of hospital
stay after laparoscopic vs. open PD [40, 41]. Con-
troversially, serious doubts regarding the safety of
the laparoscopic approach were raised by various
study groups. Dokmak et al. reported statistically
significantly higher rates of severe morbidity (28%
vs. 20%, p=0.32) in LPD compared to OPD due to
grade C POPF (24% vs. 6%, p=0.007), postoperative
bleeding (24% vs. 7%, p=0.02), and revision surgery
(24% vs 11%, p= 0.09) [33]. A Europe-wide propen-
sity score-matched study not only observed higher
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CR-POPF rates in LPD vs. OPD (22.7% vs. 12.7%,
p< 0.001), but also a prolonged length of hospital stay
in the LPD group (p<0.001) [42]. It is worth not-
ing that a multicenter, patient-blinded, randomized
controlled phase 2/3 trial comparing LPD with OPD
(LEOPARD-2) was prematurely terminated because of
safety concerns related to higher 90-day complica-
tion-related mortality in the laparoscopic group (10%
vs. 2%, p= 0.2) [43].

In conclusion, for LPD, relevant safety concerns
prevail and result in the statement that laparoscopic
PD should not be part of the clinical routine outside
expert centers.

Robotic pancreatic surgery

The robotic approach is supposed to overcome the
difficulties of the laparoscopic technique in pancre-
atic surgery. Because of the stable 3D vision, a re-
duction of tremor, and the wristed instruments, the
robotic system allows for easier resection and partic-
ularly supports the surgeon in the demanding process
of reconstruction. Of note, unlike open or laparo-
scopic surgery, the robotic technique is still evolving
through ongoing development of robotic systems.

Robotic distal pancreatectomy

Minimally invasive distal pancreatectomy is often
adopted first due to the absence of the requirement
of a complex reconstruction. As mentioned above,
the laparoscopic approach is safe and feasible in DP
and is considered as a primary treatment for left-
sided pancreatic tumors [23].

Zhao et al. showed a lower blood transfusion rate,
lower complication rate, and shorter length of hospital
stay for RDP compared to OPD, while no difference
was detected in POPF and mortality rates [16].

Data comparing robotic DP (RDP) and LDP seem
to differ along current studies. The most reported ad-
vantage of RDP is a significantly lower conversion rate
[22, 44–46]. Daouadi et al. not only reported a lower
conversion rate (0% vs. 16%, p< 0.05) but also shorter
operative time (p< 0.01) and lower median estimated
blood loss (p<0.05) for the RDP group [47]. The vast
majority of recent data show comparable results in
overall survival, oncological outcomes (negative resec-
tion margin, harvested lymph nodes), and postopera-
tive complication rates (POPF, etc.) between RDP and
LDP [44, 46, 48].

Data on operative time are controversial in differ-
ent trials and are reported to be comparable, in fa-
vor of LDP over RDP or the other way round [47–50],
and mainly seem to be related to patient selection in
the respective groups. Comparing all available tech-
niques, Magge et al. showed the lowest operative time
in RDP compared to the laparoscopic and open ap-
proach (211± 68min, 318± 124min, 316± 140min, re-
spectively, p<0.0001) [22].

Depending on the indication, DP requires splenec-
tomy. Spleen resection is associated with increased
postoperative infections, overall complications, and
long-term cardiovascular complications [49, 50].
Therefore, if the indication for splenectomy in DP
is not given, especially in benign and low-grade pan-
creatic tumors, a spleen-preserving DP should be
performed [50]. Numerous studies have shown a sig-
nificant increase in spleen-preserving rates in RDP
compared to LDP and ODP [51–53]. The randomized
controlled LEOPARD trial reported spleen-preserving
procedures in 45% of all MIDP (42 LDP, 5 RDP) and
50% in ODP (p=0.61). In contrast, a single-surgeon
experience from 2013 performed spleen-preserving
RDP in 95.5% [23, 54].

Regarding measurement of the surgical learning
curve, one of the most reported aspects is operative
time. The operative time in RDP seems to drop signif-
icantly after the first 20 cases compared to initial op-
erative time (p<0.0001) and the readmission rate was
reduced significantly after 40 procedures (p= 0.04),
leading to the conclusion that RDP outcomes were
optimized after 40 cases [55]. In another study, the
operative time was even reduced significantly after
10 performed robotic DPs [56].

In conclusion, robotic DP appears to lead to a re-
duced conversion to open resection rate and an in-
crease of spleen-preserving procedures in patients
with non-carcinomatous lesions, due to superior vas-
cular control compared to the laparoscopic approach.
Morbidity rates and oncological outcomes appear to
be equal to LDP.

Robotic pancreatoduodenectomy

An early study from 2003 by Giulianotti et al. ana-
lyzed eight pancreatoduodenectomies, six procedures
in hybrid technique (laparoscopy for resection and
robotic reconstruction), and two fully robotic tech-
niques, with a morbidity rate of 37.5% and mortal-
ity rate of 12.5% [15]. Ten years later, Giulianotti
published a single-surgeon experience with 134 pa-
tients of robot-assisted surgery for various pancreatic
diseases. The majority of the procedures were PD
(n= 60), followed by 46 DP (13 spleen-preserving DP
and 13 splenopancreatectomies). The reported over-
all morbidity rate in this study was 26.0% and the
mortality rate was 2.23% [57].

A retrospective review of a prospective database
by Zureikat et al. in 2013 showed a 30-day and 90-
day mortality rate of 0.8% and 2.0%, respectively, in
250 robotic pancreatic resections. Complication rates,
including the Clavien–Dindo classifications 3 and 4,
were 14% and 6%, respectively, and the conversion
rate to open surgery was 6% [21].

Various studies show that RPD is associated with
less blood loss, while the length of hospital stay is
controversial. Mortality rate and overall postoperative
complication rate including pancreatic fistula (POPF)
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of RPD have been shown to be comparable to OPD,
whereas operative time is reported to be longer in
RPD. In 2018, Wang et al. compared RPD with OPD
(n= 87 each), showing a significantly lower median
blood loss in the RPD vs. the OPD group (120ml
vs. 250ml, p= 0.001). Meanwhile, the operative time
was longer in the RPD group (420min vs. 360min,
p< 0.001) [26]. In a single-center study by Lei et al.,
20 RPD were compared with 67 OPD. They observed
a longer operative time (mean 491.5 vs. 264.9min) and
reduced blood loss (mean 247 vs. 774.8ml) for RPD
[58]. In a meta-analysis from 2020 including 18 non-
randomized prospective and retrospective studies
comparing RPD (n= 1593) and OPD (n= 12,046), the
reported estimated intraoperative blood loss was
significantly lower in the RDP group (352.1± 174.1 vs.
588.4± 219.4; p=0.0003). However, operative time was
longer in RDP than in OPD (461.1± 84 vs. 384.2± 73.8;
p= 0.0004) [31]. In contrast, a study group from Great
Britain could not find any discrepancy in estimated
blood loss or operative time between RPD and LPD
[59].

Similar to distal pancreatectomy, several studies
noticed lower conversion rates to open surgery for
RPD compared to LPD [59–61].

The length of hospital stay is controversial and re-
ported to be significantly shorter in RPD than in OPD
and even laparoscopic PD (LPD), whereas other stud-
ies reported equal times between RPD and OPD [16,
20, 31, 58, 59, 62, 63].

Kowalsky et al. demonstrated that postoperative
complications and postoperative intensive care unit
(ICU) admissions were significantly lower in patients
with robotic surgery than in open surgery. Major com-
plications (Clavien–Dindo >2, p= 0.241), CR-POPF
(p= 0.061), and DGE (p= 0.268) were similar in both
cohorts [63].

A meta-analysis from 2020 did not find significant
differences in mortality, morbidity, grade B POPF,
grade C POPF, overall POPF, and DGE between RPD
(n= 1593) and OPD (n= 12,046) [31]. Another meta-
analysis revealed significant advantages in the RPD
group regarding overall complications (p=0.02) and
wound infections (p= 0.01), while POPF did not vary
between RPD (n= 809) and OPD (n= 2881) [16].

In a recent meta-analysis, the comparison between
RPD (n=1025) and LPD (n= 2437) did not show dif-
ferences in overall postoperative complication rates
or the incidence of POPF [59], and single-center data
from the University of Pittsburgh comparing patients
undergoing RPD and OPD reported overall POPF rates
to be similar in both groups, but RPD to be associated
with a significantly lower rate of CR-POPF (6.7% vs.
15.8%, p< 0.001) [30].

Most indications for PDs are due to malignant dis-
ease. Therefore, the oncological outcome is essen-
tial for the implementation of the robotic approach in
pancreatic surgery. Since robust oncological data are
not available in the early evaluation phase of new sur-

gical techniques, oncological outcome is extrapolated
through perioperative surrogate parameters such as
surgical resection margin (R status) and number of
harvested lymph nodes. The majority of current stud-
ies and meta-analysis report RPD to be associated
with a higher R0 resection rate and no significant dif-
ference in harvested lymph nodes compared to OPD
[16, 64].

A propensity score-matched study by Wang et al.
reported similar R0 resection rates between RPD
(n= 87) and OPD (n=87), while the number of har-
vested lymph nodes was significantly higher in the
RPD group. The 1-, 2-, and 3-year overall survival
rates were significantly higher in the RPD than in the
OPD group (89.9%, 96.2%, 93.2% and 95.5%, 90.0%,
85.2%, respectively, p=0.009) before propensity score
matching (PSM). After PSM, no significant difference
was found between the two groups [26].

A study by Nassour et al. compared RPD and LPD
and reported equal rates of negative resection mar-
gins and numbers of harvested lymph nodes in both
groups [60].

Podda et al. concluded in their meta-analysis that
RPD (n= 1593) is reliable regarding the oncological
outcome, with no difference in surgical radicality as
reported by positive resection margin status (13.3%
vs 16.1%; P= 0.32) and number of harvested lymph
nodes (19.1± 9.9 vs 17.3± 9.9; P= 0.22) compared to
OPD (n=12,046) [31].

In 2019, the Pittsburgh group reported a signifi-
cantly longermedian overall survival in the robotic co-
hort in a retrospective review of 456 pancreatectomies
(226 robotic vs. 230 open procedures with a 24-month
follow-up). Consequently, the authors concluded that
robotic pancreatic resections are not inferior to open
pancreatic resections regarding oncological outcome
[65].

Even though promising results of RPD exist, the
complexity of the procedure should not be underes-
timated. The Miami guidelines on minimally invasive
pancreas resection recommend an annual volume of
20 RPDs per center per year due to a reduced com-
plication and mortality rate in centers with >20 RPDs
and >10 RPDs per year, respectively [66].

The learning curve for LPD differs between 10
and 50 cases depending on the chosen outcome pa-
rameter (e.g., operative time, complication rate, etc.)
[67–69]. In robotic surgery, a single-surgeon series
reported a decrease in operative time after approx-
imately 15 performed RPDs, a decrease in overall
complication rate was seen after 15 cases, whereas
major complications (Clavien–Dindo 3–5) decreased
after 30 cases [70].

Boone et al. showed a statistically significant im-
provement in blood loss and conversion to open
surgery rates after 20 cases of RPD, a reduction in
the incidence of pancreatic fistulas after 40 cases,
and a significant reduction in operative times after
80 cases [71].
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Another retrospective study analyzed the learn-
ing curve of a single surgeon after 100 RPDs. The
mean operation time, length of hospital stay, and es-
timated blood loss were significantly decreased after
40 cases (p<0.05). POPF and DGE rates decreased
after 60 cases (p<0.05) [72].

A retrospective study from China observed signifi-
cant improvements in operative and oncological out-
comes after 250 cases [73].

Jones et al. resume in a review published in 2020
that RPD can be performed safely and feasibly when
specifically trained surgeons, who have undergone
a proficiency-based training program, can maintain
a minimum of 20 RPD procedures per year. Con-
sidering that even in highly trained centers only
a maximum of 40–50% of patients requiring PD will
be eligible for RPD, at least 50 PDs annually should
be performed to fulfill the criteria of 20 RPDs per year
[74].

To conclude, RPD seems to be a promising alterna-
tive when performed by highly experienced surgeons
in a high-volume center.

Procedural costs and cost-effectiveness of
robotic PD and DP

Both procedures are associated with a major debate of
economics. Additional costs of robotic surgery cannot
be ignored. However, data on the cost-effectiveness
of robotic surgery vary compared to the laparoscopic
and the open approach [22, 46, 48, 75, 76]. Souche
et al. report that short-term results of RDP seem to
be equal to LDP; nevertheless, the significantly higher
costs make RDP a non-cost-effective approach [18].
Cost analysis performed by Higgins et al. found a sig-
nificant increase in costs for robotic surgery caused by
consumable surgical supplies of the robotic platform
[77]. A PSM study analyzed intraoperative and over-
all costs for hospitalization for robotic DP and LDP.
Higher costs in both subgroups for RDP were demon-
strated (p<0.001), whereas no difference was found
in the analysis of postoperative costs between these
two surgical approaches (p= 0.649) [19]. Interestingly,
a study reported a significant overall cost decrease in
patients who underwent RPD after implantation of
the “enhanced recovery after surgery” (ERAS) pathway
compared to RPD (pre-ERAS) and OPD (pre-ERAS and
ERAS) [63].

Discussion and conclusion

Robotic surgery is a promising approach for pancre-
atic resections. The current literature demonstrates
that robotic PD and DP are safe and feasible when
compared to open and laparoscopic techniques.

In terms of intraoperative data, the majority of
studies show longer operative time but less blood
loss in robotic surgery compared to the open ap-
proach. Additionally, aside from conversion to open

surgery rates [22, 44, 60, 61], no widespread dispar-
ity is reported between the robotic and laparoscopic
approaches [16, 46, 59]. Despite one high-volume
center study with significantly reduced incidence of
CR-POPF in RPD, there are no decisive data to iden-
tify differences of either minimally invasive approach
(robotic/laparoscopic) or open surgery regarding PD-
specific complications like POPF and DGE [16, 30, 59,
63]. In contrast, the overall complication rate seems
to be significantly lower in robotic PD and DP com-
pared to open PD an DP, with no difference between
robotic and laparoscopic pancreatic surgery [16, 48,
59, 63].

An additional advantage of RDP over LDP is the
significantly higher spleen-preserving rate in RDP [51,
53].

Major concerns which have to be eliminated be-
fore using robotic surgery in daily clinical routine are
the lacking oncological long-term data. The essen-
tial basis is formed by the encouraging data on short-
and mid-term oncological results. The number of har-
vested lymph nodes and negative resection margins
(R0) are comparable in RDP and LDP, which is ac-
cepted as a safe and effective surgical approach for
distal pancreatectomy [44, 46]. Similar results were
shown in the first studies comparing OPD and RPD.
Girgis et al. showed that RPD is an independent fac-
tor for improved survival rates (HR 0.75; p= 0.05) [65].
Negative resection margin and number of harvested
lymph nodes seem to be equal between OPD and RPD,
or even favor RPD [31, 64]. Nevertheless, these results
must be interpreted with caution. A treatment alloca-
tion bias might exist in robotic pancreatic resections,
since fewer patients received neoadjuvant chemo- or
radiotherapy and tumor size was significantly smaller
in robotic surgery [39, 78].

Cost-effectiveness is still a controversial topic in
robotic surgery. The majority of the presented data re-
garding cost-effectiveness in robotic DP report higher
overall costs, even though some data are in favor
of robotic procedures. To date, the market size for
robotic surgery is limited and held as a monopoly by
Intuitive Surgical® Inc. (Sunnyvale, CA, USA). Never-
theless, even a small market size may lead to entering
of different companies and consecutively to reduced
costs for robotic surgical technology due to more
competition between companies [79, 80].

Taking the current literature into consideration,
robotic pancreatic surgery seems to be a feasible and
safe alternative to the well-known open and laparo-
scopic approaches, while expanding continuously.
Especially in PD, robotic surgery could be shown to
improve clinical and oncological outcomes, although
procedural costs are still high. Even for distal pan-
createctomy, the robotic approach may enrich daily
clinical routine, despite missing major improvements
and higher costs compared to LDP, due to a sig-
nificantly lower conversion rate and higher spleen-
preserving rate.
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More RCTs and long-term oncological data are
needed to overcome the remaining obstacles for
robotic PD and DP. The current literature is promising
and may lead robotics to a change in the current
praxis of pancreatic surgery, to become standard in
surgical routine.
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