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Introduction

The word robot was introduced into popular culture 
less than a century ago by Czech writers Josef and Karl  
Kapek (1). In his play Rossum’s Universal Robots, Karl Kapek 
created a world in which rapid technological growth 
ultimately led to the downfall of mankind through machine-
made “robota” or manual laborers who ultimately turned 
against their human masters. Despite fascination with these 
innovative mechanical devices, significant reservations exist 
as robots take on a larger role in our industrialized society, 
particularly in the field of medicine. 

When the laparoscopic cholecystectomy (LC) was 
introduced in the mid-1980s, the operation was met with 
significant opposition due to concerns for safety. Edward 
Muhe, credited with the first LC, was criticized by his peers 

who claimed that “large surgeries required large incisions (2)”. 
In addition, technical challenges such as visual and spatial 
limitations from two-dimensional imaging, introduction of 
a fulcrum effect from trocar use, restricted range of motion 
of laparoscopic instrumentation, and unstable camera 
control led to the slow adoption of minimally invasive 
surgical techniques. Barriers to laparoscopy were quickly 
overcome, however, when the benefits to patients including 
decreased pain, lower morbidity, and faster recovery became 
evident. LC is now the standard of care worldwide.

Ironically, the roots of robotic surgery took place in 
the early years of laparoscopy as an attempt to counter 
its limitations. While the first robotic surgical systems 
were developed in the mid-1980s, the robotic platform 
did not gain widespread acceptance until the da Vinci® 
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telesurgical robotic system (Intuitive Surgical, Sunnyvale, 
CA, USA) was FDA-approved in 2000 (1,3). Advantages of 
robotic-assisted versus conventional laparoscopic surgery 
include a three-dimensional video platform, more versatile 
instrumentation with 7 rather than 4 degrees of motion, and 
better ergonomic design for surgeons (4). While robotics 
has gained significant traction in the fields of urology and 
gynecology, the technology has been slow to permeate 
general surgery particularly for operations in which the 
standard of care is a minimally invasive approach, such as 
the LC. Increased cost and longer operative times without 
improvement in patient outcomes have led to significant 
criticism against robotic-assisted general surgery.

In this review we will discuss the advantages and 
disadvantages of robotic surgery as they apply specifically to 
cholecystectomy. We will address robotic cholecystectomy 
(RC) either by multiple port (MPRC) or single site (SSRC), 
economic considerations, implications for surgical training, 
short and long term outcomes, the effect of indocyanine 
green cholangiography on safe cholecystectomy, and the 
role of emerging technology. 

Techniques for multi-port and single site robotic 
cholecystectomy

The da Vinci® Surgical System is not a true, independently 
functioning robot. Rather, it is a computer-aided system in 
which the surgeon can control robotic arms tele-surgically 
from a console some distance away from the patient’s 
bedside. The da Vinci® system has three main components: 
a surgeon console with a stereoscopic viewer and master 
controllers for the flexible EndoWrist® instruments, a 
patient side-cart with three to four pivoting robotic arms 
designed to hold a camera and instruments, and a vision 
cart housing image processors for the 3D, high-definition 
endoscope (5). Intuitive currently manufactures two 
versions of their tele-surgical robot, the traditional da Vinci 
Si® launched in 2009 and da Vinci Xi® which was launched 
in 2014. 

MPRC can be performed using three robotic ports 
with a single assistant port or four robotic ports. Similar to 
LC, ports can be placed according to surgeon preference. 
However, a few general principles should be kept in mind. 
A minimum of 8 cm (da Vinci Xi®) to 10 cm (da Vinci Si®) 
distance from the target anatomy should be maintained 
to allow free range of motion of articulating instruments. 
In addition, each of the ports should be spaced a similar 
distance apart from each other to prevent instrument 

collisions. Though a variety of robotic instruments can be 
used, minimizing the number of instrument exchanges is 
more cost effective. By limiting instrument exchanges, case 
times are reduced as well. At our institution, a majority of 
the dissection is done with the hook cautery. The cystic duct 
and artery can be clipped, suture ligated, or stapled. The 
portal system can also be imaged using indocyanine green 
and the da Vinci FireFly® technology. 3D visualization 
enhances object identification and reduces confusion of 
portal anatomy. 

SSRC can be performed with flexible instrumentation 
that is placed through a specifically designed curved 
cannula that allows triangulation at the surgical field. 
These cannulas are docked to the robotic arms to allow the 
operative surgeon to perform the surgery more naturally 
using right and left-handed instrumentation as the robotic 
platform corrects for instrument location. The same 3D 
visual camera system is utilized with the availability of 
indocyanine green cholangiography.

Minimally invasive surgery at the crossroads: 
The case for robotic surgery

Despite the clear benefits of minimally invasive surgery 
on patient outcomes, many complex abdominal operations 
are predominantly performed open in the United States. A 
2013 review of nationwide data from academic institutions 
demonstrated that only 52% of colectomies and 28% of 
ventral hernias are performed laparoscopically (6). Similarly, 
several national studies done within the past five years 
demonstrate that less than 50% of liver resections (7), fewer 
than 30% of distal pancreatectomies (8), and only 12% of 
gastrectomies (9) were performed laparoscopically. 

While the underutilization of laparoscopy is likely 
multifactorial, many argue that the steep learning curve 
for advanced laparoscopy is a major barrier. In contrast, 
many complex laparoscopic tasks such as suturing are more 
easily mastered when a robotic platform is applied (10,11). 
Some studies suggest that surgical novices are able to gain 
proficiency in robotic surgery quickly despite lack of prior 
laparoscopic experience, and that those with experience are 
able to perform many laparoscopic tasks more quickly when 
using the robot (12,13). 

The cost of robotic surgery

Despite many of the technical advantages of robotic-
assisted surgery, cost is a major prohibitive factor. The da 
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Vinci® Surgical System costs $0.6–2.5 million, depending 
on upgrades and instruments purchased, and requires an 
annual service contract which can range between $100,000 
to $170,000 annually (14). The additional variable cost of a 
robotic procedure is estimated to be $1,600 per case, which 
increases to $3,200 per case when the cost of the robot itself 
is considered (15). Reimbursement rates for robotic surgery 
parallel rates for standard laparoscopic procedures, often 
making it difficult to justify the additional expense. 

Procedural costs are extremely difficult to evaluate 
given variability of charge, cost, and payment data across 
institutions. An early prospective, case-matched study on 
MPRC found that hospital costs were approximately $1,600 
higher when compared to LC (16). The primary difference 
was attributable to the amortized cost of the robot and 
consumables for the system. A more recent retrospective 
study demonstrates increase in total cost for MPRC ($8,870 
MPRC vs. $5,771 LC) and a decrease in revenue (-$848 
MPRC vs. $186 LC) (17). However there was a higher 
percentage of chronic cholecystitis in the MPRC cohort 
(27.9% MPRC vs. 14.4% LC), which may have contributed 
to the increased hospital costs.

Alternatively, a recent retrospective study of single-site 
robotic cholecystectomy (SSRC) demonstrated a decrease 
in median hospital cost ($1,319 SSRC vs. $1,710 LC) (18). 
Costs were contained by limiting non-essential instruments 
from standard trays and avoiding disposable items such as 
a retrieval bag for the specimen. In addition, the authors 
demonstrated further cost savings after the first 50 SSRC 
presumably due to a decrease in operative time. Of note, 
fixed costs such as initial robot investment were not 
included in this study.

The numbers game: Our institutional experience 
evaluating robotic costs

Our unpublished, institutional experience has come full 
circle in the analysis of cholecystectomy. In our first analysis 
comparing LC to SSRC, SSRC incurred a greater cost 
to the hospital (Table 1). While there was no statistically 
significant difference between conventional laparoscopy 
and robotics in terms of anesthesia or PACU costs, the 
operating room costs were significantly greater for robotic 
cases than for laparoscopic cases. These greater costs are 
the result of two items applied uniquely to robotic cases:  
(I) depreciation and indirect costs and (II) disposables costs. 

These additional fixed costs had been arbitrarily assigned 

to robotic cases as a method to account for the amortized 
cost of the physical asset as well as the service contract. 
However, a comparable fixed cost associated with delivering 
laparoscopic surgery had not been included in this analysis. 
This cost accounting method thereby affects the perceived 
cost of cholecystectomy delivered by robotic means.

Between the early and mature phase of our robotic 
service delivery, the use of robotic instrumentation has been 
reduced and operating room time has decreased, resulting 
in an approximately 25–35% decrease in cost associated 
with SSRC. Analysis of MPRC has also demonstrated a 
similar reduction in cost. 

The contribution of operative time on cost savings 
is difficult to tease out given the variability of patient 
presentation. In our experience, patients undergoing 
elective surgery for biliary colic or chronic cholecystitis 
both experienced a decrease in operative time on the robotic 
platform. These results have been seen by other groups with 
shorter operative times (18,19). The effect of operative time 
charges must be included in any cost analysis to accurately 
assess the impact of this technology. 

Data based on an early or limited use of robotics has 
led to inconsistent results and a more critical analysis of 
robotic procedures. Further study during the mature phase 
of robotic learning is necessary. Decisions made based 
on flawed learning curve data may result in an incorrect 
assessment of value of robotics by both surgeons and 
administrators responsible for decision making.

Robotic cholecystectomy as a tool for training

Despite the question of cost, use of the RC (both MPRC 
and SSRC) is considered appropriate in training for more 
complex abdominal operations (20). As one of the most 
commonly performed operations in general surgery and one 
of the few with a standardized approach for maintaining 
safety, the LC is almost an ideal operation for transitioning 
into robotic surgery. The first RC was performed by 
Belgian Jacques Himpens in 1997, marking the first human 
use of the da Vinci® surgical system (21). Since then, several 
studies have demonstrated that RC is safe and effective for 
general surgeons in the early part of their learning curve for 
robotic surgery (22,23). 

The learning curve for RC varies widely, ranging from 
a mean surgical time of 57–167 minutes (24). Unlike 
other types of procedures, a robotic procedure involves 
technical learning of the surgeon, as well as an institutional 
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level learning for operating room staff in setting up and 
managing robotic equipment. In a study examining this very 
learning curve, authors found that over the course of 48 RC, 
the total robotic set-up time (from skin incision to docking 
completion) decreased from a mean of 30.6 minutes in the 
first 16 cases to a mean of 18.3 minutes in the last 16 cases 
(40.2% decrease) (25). The mean robotic operating time 
(34 minutes) did not change significantly change during 
the course of the study, presumably due to the institution’s 
extensive robotic surgery training curriculum and prior 
experience of the attending surgeon in using the technology 
for other more complex procedures such as the laparoscopic 
gastric bypass.

Further analysis of training residents in RC has shown 
that there is no increase in operative time or increase in 
complication rates when compared to teaching LC (26,27). 
These outcomes indicate that RC can be taught to trainees 
with both consistency and in a time-efficient manner. 
The reproducibility of these results is a good prognostic 
indicator that the learning curve for more complex robotic 
procedures is also reasonable.

Similar evaluation by surgeons moving to SSRC have 
shown that there is a minimal learning curve and that the 
outcomes of robotic novices are similar to experts (28). 
The equivalency in outcomes between those in the early 
and mature portion of their learning curve suggests the 
technology does not place patients or hospitals at increased 

risk with utilization, but may level the playing field in 
terms of technical expertise in performing laparoscopic 
procedures. This finding is significantly different from what 
is seen in non-robotic single-site LC, which has not gained 
favor with the majority of surgeons due to the complexity of 
the technique and complications seen (29).

Outcomes of robotic cholecystectomy: Safety 
and patient satisfaction

Multiple studies have demonstrated that the outcomes of 
RC are similar to LC with regards to initial hospitalization 
as well as 30-day complications related to the index 
procedure (30). While there is some evidence that RC is safe 
with satisfactory patient outcomes at 3-year follow-up (31),  
there is limited reporting of long term outcomes. Our 
own experience performing RC over the last seven years 
has not demonstrated a significant difference in outcomes  
compared to LC. 

Other studies have gone one step further to suggest 
that robotic assistance in a variety of general surgical 
procedures may eliminate the differences between 
hospitals and physicians (32). Biliary tract complications 
with cholecystectomy have a major impact on patient 
morbidity and financial costs (33,34). The use of robotics 
may standardize the safety of LC and improve associated 
morbidity and costs.

Table 1 Mean fixed and variable costs in U.S. dollars from retrospective review of single-site robotic cholecystectomy (SSRC) and traditional 
multi-port laparoscopic cholecystectomy (LC)

Mean fixed and variable cost SSRC (n=21) LC (n=20) P value

Anesthesia fixed cost ($) 332 306 0.264

Anesthesia variable cost ($) 154 114 0.298

PACU fixed cost ($) 115 140 0.242

PACU variable cost ($) 244 318 0.182

OR fixed cost ($) 4,500 1,206 <0.001***

Depreciation and indirect cost ($) 3,614 ---

Revised OR fixed cost ($) 886 ---

Variable OR cost ($) 3,352 1,662 <0.001***

Disposables cost ($) 1,855 ---

Revised OR variable cost ($) 1,497 ---

Total OR cost ($) 2,383 2,868 0.134

***, statistically significant. PACU, post-anesthesia care unit; OR, operating room.
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As robotic surgery continues to progress, the benefit 
from a patient-centered focus must also be considered in 
surgical decision making. Patient concerns for cosmesis and 
post-operative pain contributed to the shift from traditional 
open cholecystectomy to LC. In a further expansion 
of this trend, SSRC offers a better cosmetic result and 
has been demonstrated in a randomized control trial to 
have equivalent clinical outcomes and complications to 
traditional LC (35). Furthermore, the decreased numbers 
of trocar sites with SSRC leads to less pain and potential 
hernia sites. The incidence of hernia formation with SSRC 
will take several years to evaluate, but the likely benefits 
have significant clinical and financial implications.

Indocyanine green cholangiography

The SAGES Safe Cholecystectomy Program advocates 
structured steps to minimize the risk for bile duct 
injury during cholecystectomy (take away the capital 
letter) (36). The use of the da Vinci® robotic platform 
via either MPRC or SSRC allows adherence to all of 
these techniques. Although routine intra-operative 
cholangiography can also be performed with robotics, 
ICGC provides similar information in terms of verifying 
anatomy without the added time and cost of doing an 
additional procedure.

Indocyanine green (ICG) binds to plasma proteins in 
the blood and within the time frame of minutes, circulates 
through organs in the body before it is eliminated in 
the liver via the biliary system (37). The da Vinci® 3D 
optical system allows fluorescent imaging with its near-
infrared imaging capability. Though the role of routine 
ICGC on common bile duct injury on a larger scale 
has yet to be evaluated, surgeons using this technology 
have demonstrated that it is safe with no ductal injuries 
reported in their clinical practices (38). Several studies 
have demonstrated equal or improved visualization of 
biliary anatomy and anatomic variants with ICGC, without 
the added time and morbidity associated with traditional 
intra-operative cholangiography (39,40). In addition, the 
conversion to open procedures has been decreased with 
the utilization of this technology (41). Use of direct ICGC 
with injection into the biliary tract is under evaluation and 
may have the same impact on RC safety and outcomes (42).  
The improved safety profile, enhanced visualization of bile 
duct anatomy, and decreased rates of conversion to open 
surgery have a significant impact on patient outcomes 

and downstream implications for surgeons from a systems 
perspective.

Robotic cholecystectomy in the face of new 
technologies

Current and developing technologies will impact outcomes 
of RC. Simulation platforms and true single orifice robotic 
platforms will change the progression of RC. These 
technologies may shift the balance of clinical outcomes 
to favor RC in the near future. The question of whether 
robotics should play a role in cholecystectomy may shift 
to whether laparoscopic cholecystectomy should still be 
performed.

Virtual reality training has been demonstrated to 
enhance operative skills of trainees (43). The da Vinci 
Skills Simulator® has been shown to provide similar 
training for the same physical skills on a standard robotic 
system (44). As the emphasis on simulation changes from 
simple task performance to procedure-based duplication 
of clinical scenarios, this will further reduce or eliminate 
the learning curve associated with the technology and 
improve operative safety. The ability to use imaging data 
to create pre-operative simulation of cholecystectomy 
anatomy may decrease the potential for biliary tract injury 
and increase the chances for completing procedures via 
the minimally invasive approach. This change in outcomes 
will have significant downstream implications on hospital 
performance and patient satisfaction. The increased 
morbidities of open surgery and biliary tract injury thereby 
will be alleviated (45).

The next generation of robotic platforms from both 
Intuitive Surgical and Titan Medical may bring a true single 
port device to the clinical arena that changes the current 
approach to robotic surgery. These platforms will challenge 
the current outcomes of RC and may demonstrate similar 
if not better outcomes. The analysis of these platforms will 
again look for a benchmark to make a comparison. The 
comparisons to open, LC, single-site LC, MPRC and SSRC 
will take many years and trials to define. This analysis will 
parallel the current environment with paralysis in decision 
making given the complexity of treatment options and 
limited large scale data. As additional robotic platforms 
reach clinical use the analysis of cost and effectiveness will 
increase in complexity as these platforms change what 
the “cost “of robotic surgery becomes. The complexity of 
data analysis will increase with increasing time to generate 
defined data.
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Robotic cholecystectomy: the canary in the  
coal mine

Adoption of RC via either MPRC or SSRC has been limited 
in certain regions of the United States but has been widely 
adopted in other areas. There have been differences in 
utilization in academic versus larger hospital systems. These 
variations seem inconsistent and are not beneficial for 
patient care. As discussed in this review, robotic surgery can 
be cost neutral or cost effective as robotic volume increases 
and matches or exceeds outcomes from the current standard 
of care, LC. The use of this technology builds the robotic 
skill set required for more complex surgical procedures. The 
robotic platform is inherently safe, allowing 3D visualization 
and ICG fluorescence. Recognition of the value robotic 
surgery has been variable among administrators tasked to 
analyze the impact of this surgical technology. Outcomes 
in the literature for robotic-assisted procedures have been 
inconsistent and further muddy the water. Mature data 
points from established learning curves will emerge in the 
next 3–5 years and demonstrate clear evidence of superiority 
of RC. This superiority will most likely be present for both 
complex operations as well as simple operations like the 
cholecystectomy. This evidence is becoming apparent for 
other robotic operations, such as the incisional and inguinal 
hernia repairs. These “canary” procedures have been 
recognized by certain surgeons and administrators thereby 
demonstrating the difference in adoption of RC. 

Hospitals that currently have robotic platforms can begin 
to see the benefits of RC without significant investments. 
The savings in both cost and time will facilitate further 
robotic procedures which again have additional benefits of 
decreased hospital length of stay, reduced morbidity and 
improved patient satisfaction. These downstream benefits 
are difficult to quantitate but are consistently present, 
thereby improving the institution’s reputation and financial 
situation. Furthermore, hospitals must acknowledge that 
recruiting quality surgeons without a robotic program may 
be difficult. 

In  the  fu ture ,  the  use  o f  robot i c  surgery  for 
cholecystectomy is likely to become the standard of care 
when considering patient outcomes and satisfaction with 
quality of care. The current lack of full penetration is largely 
due to a cost-accounting method that is often arbitrary and 
is not reflected in conventional laparoscopic procedures. 
As a more direct method of calculating costs emerges, the 
utility of RC will become more universally recognized.
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