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Preface

Medical robots have significant potential for treating patients quickly and
comfortably. Medical professionals increasingly prefer robotic technology because
of its utility for several medical applications. Medical robots are employed for
surgical operations, such as cardiac surgery, prostate surgery, plastic surgery,
kidney surgery, and more. They are especially preferred for surgery over traditional
methods because they present better results, including smaller incisions, greater
accuracy, and shortened recovery time. Medical robots are also used for several
other procedures such as transporting blood from one place to another, preparing
substances in a hazardous environment, diagnosing illnesses, and caring for
patients.

Robotic technology is at a very interesting point, especially in terms of medical
robots. The replacement of medical personnel by robots may be inevitable. Every
passing year, many new robotic designs are developed to help people of all ages,
from children to the elderly. This book presents the latest developments in medical
robotics and innovative designs of the future. It also examines current medical
robotic systems and applications.

I would like to thank all authors who contributed to this book with their valuable
novel ideas and their knowledge of current developments in medical robotics.

Serdar Kiiciik, Ph.D.

Full Professor,

Technology Faculty,

Department of Biomedical Engineering,
Kocaeli University,

Turkey
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Chapter1

Introductory Chapter: Future of
Medical Robots

Serdar Kiigiik

1. Introduction

In real life, most of us perform repetitive tasks in factories, school, hospitals and
so on. Several people do not like these kinds of tasks and get bored from working
offices as well as their jobs. Especially, medical staffs in the hospitals perform thou-
sands of repetitive tasks such as draw blood, make dental filling, visualize patients’
vital signs like measuring the human heart rate. Medical staffs make never-ending
diagnosis, prevention, and treatment of diseases. As the average life expectancy
increases day by day in the world, people are getting older. As the people getting
older, the number of patients is increasing more than in the past. As a result of this
increase, surgeons execute never-ending surgeries under the pressure of perfor-
mance; laboratory workers perform never-ending urine and blood tests and dentists
always tirelessly remove build-up or decay from teeth. It is possible to multiply
these examples.

Being in a hospital is a very stressful experience even in the best occasion.
Especially waiting the medical treatment on the que is a tiring practice. In addition,
being treated on time is directly related to the country’s health staff and technical
opportunities. In most countries in the world, due to the lack of medical staff or
technique equipment, even for a simple dental filling, sometimes it is necessary to
wait in line for months. Medical personnel are often physically and mentally fed up
with this endless intensity. At this very moment, medical robots come to the aid of
both patients and healthcare professionals.

As an example, robotic medical staffs like robotic nurses, robotic laboratory
devices, robotic surgeons can fulfill the boring tasks mention above. Robots are the
best candidates to execute the repetitive, monotonous and dangerous tasks without
being bored, tired and overwhelmed. According to the market investigations, the
market size of surgical robots alone has already exceeded 5 billion dollars.

2. Medical robots transforming the healthcare system

Almost 80 years have passed since the development of the first robot manipulator.
Robots, which were originally produced only for industrial purposes, have spread to
many areas over time. Today, robots have become equipped enough to work alone in a
factory, skilled enough to participate in operations in a hospital, and smart enough to
bring a selected product from a shopping mall. The rise of robotic technology and the
replacement of workers by robots has become an inevitable reality. It has now become
impossible to prevent the development of robotic technology. Now, robots have gained
the competence to work in the same office with humans. In the near future, it seems
inevitable that some people will completely leave their jobs to robots [1, 2]. At this
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point, the following question comes to mind. How ready is humanity for this inevitable
future? What kind of solutions do social scientists propose for this inevitable future in
the world?

The fact that robots have become such advanced devices has had very beneficial
results for humanity. Some of these are better diagnosis for everyone, safer surgery,
more advanced and yet cheaper prosthetic legs, shorter waiting times and lower
infection rates. Some main areas where robots will be employed, especially in the
health sector, can be listed as follows: Robot assisted surgery, medical micro robots,
rehabilitation robots, advanced protheses and robotic nurses.

2.1 Robot assisted surgery

Until recently, surgeons were performing operations using traditional
methods. The most important disadvantage of these traditional methods was
to perform the operations by making very large incisions in the patient’s body.
Therefore, the traditional method has many disadvantages, from esthetic appear-
ance to late recovery. Robot-assisted surgery can eliminate these disadvantages.
Robot-assisted surgery is performed as follows: Small incisions are made on the
patient’s body for the surgeon to operate on the patient using a robot. Surgical
instruments and camera are placed to the body from these small cuts. The surgeon
performs the surgery using these surgical instruments from a remote console.
Since the operated area is magnified several times by means of the camera, the
surgeon has the opportunity to see the operational region in more detail than the
traditional methods. Thus, the surgeon performs a more comfortable and success-
ful operation. Minimally invasive surgery using robots provides many advantages
over traditional methods: i) patient recovers in a shorter time, ii) the surgeon sees
the operated area in higher resolution, iii) patients have less risk of infections, iv)
the patient returns to his/her traditional life more quickly, and v) economic cost is
reduced because the patient is treated in a shorter time. The most famous robotic
system used in minimally invasive surgery is definitely the Vinci Surgical System
which is used several operations like in cardiac surgery, general surgery, gynaeco-
logic surgery, thoracic surgery, and urologic surgery [3].

2.2 Medical micro robots

Treatment with medical microrobots is an area that medicine has just encoun-
tered. These new robotic devices, which are not very similar to the structure of
traditional industrial robots, are used to solve the problem in a certain region in
patient’s body. In general, medical micro robots with spiral tails reach the sick area
in the human body by moving through blood vessels. Using this method, the drug
can be applied only to the affected area. Thus, healthy area can be prevented from
the drug.

2.3 Rehabilitation robots

Rehabilitation robots are intelligent machines designed to help patients
regain their lost skills. Rehabilitation robots are used to restore the lost sen-
sorimotor functions, especially in the arms, hands and legs, by making the
patient perform programmed exercises. Robotic rehabilitation devices, which
are getting more functional every passing day, are used to restore lost skills
in the lower and upper extremities. Currently, many types of rehabilitation
robots are produced for the rehabilitation of lower and upper extremity regions.
Some important commercially produced lower extremity rehabilitation robotic
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systems can be listed as Lokohelp [4] and Lokomat [5]. On the other hand, some
upper extremity rehabilitation robotic systems can be listed as Esa human arm
exoskeleton [6], L-exos [7] and Sarcos Master Arm [8].

2.4 Advanced prostheses

Traditional prostheses are devices that allow amputees to perform basic move-
ments while walking. Therefore, traditional prostheses cannot fully perform human
hand, arm and wrist movements. More complex and advanced systems are needed
to fully imitate the movements of a healthy person with a prosthesis. Prosthetics
with sensors and actuators are good candidate robotic mechanisms to fully mimic
human movements. Humanity has come to a point where more performance can be
achieved than natural limbs with new generation robotic prostheses. Humanity is at
a point where it can perform the act of feeling apart from actions such as walking,
holding and lifting with prostheses [9-12].

2.5 Robotic nurses

Nurses are the worker bees of the healthcare system. It is almost inevitable
to encounter at least one nurse next to the doctors in every hospital room where
diagnosis and treatment is made. With the increase in life expectancy, older people
inevitably spend their last days in hospital rooms or nursing homes. As a result,
aging creates an increasing workload for nurses. It seems that robot nurses will
come to the rescue of nurses who are overwhelmed by this workload. Robotic nurses
can monitor and record vital signs, monitor the patient’s condition and report the
situation to the responsible health personnel. Robotic nurses are not only candidates
to be the best friends of the elderly people, but also seem to be candidates for jobs of
human nurses.

3. Conclusions

As aresult of the rapid digitalization of the world, robots are also becoming
more capable at an increasing rate. As the designs of medical robots are becoming
more useful day by day, there is a significant decrease in costs compared to the past.
As aresult of the decrease in robot costs, robots are turning into candidates for the
jobs of healthcare professionals. Although robots are increasingly taking their place
in the healthcare system, the social consequences of this are not yet fully under-
stood. If healthcare personnel will work less in the future, how healthcare personnel
will spend their free time is a phenomenon that social scientists should consider in
advance.
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Chapter2

Robotic Liver Surgery

Mushfique Alam, Robert Young and Rafael Diaz-Nieto

Abstract

Minimally invasive surgery has experienced a significant expansion in the
last decades. Robotic surgery has evolved in parallel to traditional laparoscopic
surgery offering additional technical advantages. Some specific aspect of
Hepatobiliary Surgery led to a limited implementation of minimally invasive liver
surgery in the early years of laparoscopic surgery whilst we are experiencing an
exponential increase in the use of minimally invasive approaches to this type of
intervention. In this chapter we describe the key aspect of robotic liver surgery
with a meticulous description of the supporting evidence, its limitation and
future perspectives.

Keywords: robotic surgery, robotic liver resection, hepatectomy,
minimally invasive surgery, laparoscopic liver surgery

1. Introduction

Hepatic resection is the gold standard treatment for some of the most common
malignant tumours of the liver, including primary tumours (hepatocellular carci-
noma and cholangiocarcinoma) and colorectal liver metastasis and it can be some-
times the treatment option for some benign tumours [1]. Hepatobiliary surgery also
includes complex biliary interventions for benign and malignant pathologies that, in
addition to the liver resection, may require biliary reconstructions and bilioenteric
anastomosis [2].

Open surgery remains the predominant approach for most of these hepatobiliary
procedures. However, there is an exponential increase of minimally invasive surgery
(MIS) within this field, supported by large cases series and randomised control
trials (RCTs) recently published in the literature [3].

Outcomes from the available literature suggests that MIS for liver resections
improves patients’ outcomes in terms of length of stay, blood loss and postopera-
tive complications. Although some series suggest longer operative time and higher
initial costs, the overall cost-efficiency seems to favour laparoscopic surgery
[4, 5]. Despite this data, laparoscopic liver surgery is not routinely performed in all
Hepatobiliary Centres and there is a large proportion of patients being treated via
open approach. The delayed implementation of this type of intervention is com-
monly related to the technical challenges of these operations, the long tradition
of open surgery associated to liver transplantation and the specific technological
requirements attached to this type of resections.

From the original era of the pioneers in laparoscopic surgery, the consensus
meetings in Louisville and Morikawa highlighted the challenges of this new
approach. Recommendations from these meetings were very cautious about sug-
gesting laparoscopic liver surgery for every patient and limited its clear indication to
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minor resections. From them, MIS for minor liver resections (less than 3 segments)
such as left lateral secitonectomy and segmentectomies from the anterior Couinaud
segments (II to VI) became well established [6]. On the contrary, there has been
limited diffusion of minimally invasive major hepatectomies and it is commonly
confined to high volume specialised centres [7]. This is in part due to the more
complex anatomical and technical challenges of major hepatic resections, and the
inherent limitations of laparoscopic surgery.

Traditional laparoscopic surgery is the most commonly used MIS technique
for liver resections whilst there is also an increment in the number of series
of robotic liver surgery [8]. Advantages of robotic surgery when compared to
traditional laparoscopic surgery are well described and include: a magnified three
dimensional (3D) view, tremor filtration and improved dexterity with articulated
instruments providing seven degrees of freedom [9]. It also adds some surgeon’s
specific advantages in terms of ergonomics with the suggested, but not proven,
potential reduction of fatigue, increase precision and longer work expectancy.
However controversies around robotic surgery remain when compared with
laparoscopic surgery. Main limitation was always the higher cost without any
evidence suggesting clinical superiority when compared to laparoscopic surgery.
There is, in fact to date, lack of agreement whether they should be compared
against each other, or directly compared to open surgery. We are of the opinion
that both should be grouped as MIS and promoted equally for the benefit of the
patient.

In this chapter we describe the key aspects of robotic hepatobiliary surgery,
with a focus on technical descriptions, the current evidence base, limitations, and
possible future developments.

2. Technique

Robotic liver surgery has probably evolved from laparoscopic liver surgery and
therefore it is easy to find some similarities. It is however a very different interven-
tion, specially around the economy of movements, and it will vary significantly
between centres and surgeons. Local expertise, surgeon’s preferences and patient’s
specific conditions may modify the standard approach but there are some com-
mon principles. It is important to mention that currently all reported series have
performed this type of intervention with the platform Da Vinci Robot from
INTUITIVE® and some of the described technical aspect may apply only to this
robotic system. New development of alternative robotic system may bring different
technical concepts but the principles will prevail.

2.1Set up and docking

There is significant overlap in the patient positioning, set up and operative tech-
nique between laparoscopic and robotic liver resections. This is commonly decided
by the operating surgeon and based on his/her preferences. The main difference
for a robotic approach is around port placement and the position of the “bed-side”/
assisting surgeon. It is essential to consider instrument clashing when deciding port
placement. Alternatives to patient’s position include supine (with or without split
legs) or left prone position. The latter is the preferred position in some centres to
intervene in right posterior segments. Ports position in laparoscopic surgery is more
versatile whilst robotic surgery demands wider space between trocars without any
port caudal or cephalic to another one (commonly smooth curved line or zig-zag)
(Figures 1-3).
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Surgeon
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Figure 1.

Patient (supine with split legs in a 15-0 degree veverse Trendelenburg) ¢ assistant (between legs) positioning
commonly utilised for major robotic hepatectomy. Subsequent camera and port placement depends on type of
resection (Figures 2 and 3).

Figure 2.
Port placement for robotic major hepatectomy.

Figure 3.

Patient positioning (left lateral decubitus) ¢ port placement for vobotic partial hepatectomy of postero-
superior segments. Rc, Robotic Camera Port; Ap, Assistant port (12mm); R1-3, Robotic ports (8-10 mm); 1,
transpyloric plane; 2, intertubercular plane.
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Following patient positioning and port insertion, the robotic cart is positioned
within the surgical field and the arms docked. Traditional bed-side units are placed
cephalic to the surgical field for most hepatobiliary and upper gastro-intestinal
procedures. Newer versions allow the cart to be docked sideways to the patient. This
adds the benefit of better access to the patient’s airway for the anaesthetic team.
Irrespective of the system, close collaboration with the anaesthetist is essential at
the time of docking.

2.2 Liver mobilisation

Following successful docking, the procedural steps are the same as for any
hepatic resection and depend on the nature of the required procedure. Liver mobili-
sation is typically the first step and can be performed utilising a combination of a
diathermy or an alternative energy device. For full mobilisation, all liver ligaments
(Round/Falciform, Coronary and Triangular) need to be transected. Limited resec-
tions however, would not require full mobilisation. Traction and counter traction
through lifting of the required liver lobes is provided with the combination of
retractors and changes in the patient’s position. This requires special attention if the
operating table’s movement are not linked to the robotic cart. New docking might
be required. Lack of tactic feedback can lead to underestimation of the pressure
applied to the liver with the consequent capsular tear. Alternatives will include a
laparoscopic liver retractor manipulated by the bed side surgeon. Similarly, intraop-
erative ultrasound can be performed at this point with the close collaboration of the
console and bed side surgeons.

2.3 Hilar dissection and hepatoduodenal clamping

Robotic surgery can overcome the limitations of laparoscopic surgery during
complex hilar dissections, with the combination of 360 degrees angulation, 3D view
and scaled movements providing significant advantages to the operator. The exact
technicality of hilar dissection will again depend on the surgeon’s experience and
preferences. Some centres will routinely establish a window in the lesser omentum
and pass a sloop or tape to facilitate a Pringle manoeuvre. Similarly to traditional
LLS, this can be performed purely intracorporeally or extracorporeally (exterior-
ization of the clamp/tourniquet via an accessory port). However the high volume
specialist centres have suggested this is not routinely required during robotic
hepatectomy [10-12].

2.4 Parenchymal transection

There are multiple techniques for parenchymal transection and they are widely
modified to the personal preferences of the operating surgeon. Kellyclasia technique
(clamp-crushing) is held as the current gold standard, although recent advances
have focused on the introduction of open and laparoscopic energy devices aimed
at reducing blood loss during parenchymal division [13]. This crucial part of the
operation is viewed as one of the limiting factors in the diffusion of MIS for the liver
across hepatobiliary centres. Whilst robotic surgery improves the suturing capacity
and bleeding control in difficult circumstances, the lack of an equivalent robotic
energy device may require a hybrid approach with the assisting surgeon performing
laparoscopic parenchymal transection at the operating table using an appropriate
energy device [14]. Based on this principle, traditional laparoscopic instruments
and stapling devices can be used similarly to the traditional laparoscopic approach
(i.e. stapling hepatic veins or hilar structures).
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2.5 Specimen extraction

There is no difference between robotic and laparoscopic surgery at this point,
with removal of the specimen via a retrieval bag is achieved following undocking of
the robotic arms. Options for specimen extraction include extension of an existing
port site or a new incision. There is little evidence comparing all available options
but there seems to be a preference towards the Pfannestiel incision [15].

3. Current evidence
3.1 Major resections

Major hepatectomies (resection of 3 or more contiguous segments) and
extended hepatectomies with bile duct resections are complex, challenging proce-
dures. High volume specialist centres have shown a minimally invasive approach to
be feasible but the results from the only prospective randomised trial (ORANGE-II
plus) are yet to be published [8, 10, 16]. At present, less than 10% of major liver
resections are performed laparoscopically, largely due to the challenges posed by the
location of the liver, its proximity to major vasculature and the difficulty in appre-
ciating the complex biliary and hepatic vascular anatomy during a laparoscopic
procedure [17]. Utilising a robotic approach may negate these disadvantages, with
improved views and dexterity facilitating a precise hilar and hepatocaval dissection,
advanced suturing and easier biliary-enteric anastomosis.

Specialised centres have published favourable outcomes (Table 1) and a limited
number of multi centre comparative studies have demonstrated positive results
[18-21]. A recent review of outcomes from 584 major robotic liver resections dem-
onstrated acceptable blood loss, operation time, RO resection rate, length of hos-
pital stay and post op morbidity. When directly compared to laparoscopy, robotic
major hepatectomies demonstrated significantly improved rates of post-operative

Author Year  Total Specific Conversion Length Morbidity ~ Mortality
Cases procedures Rate of stay Rate Rate
Giulianotti 2011 27 RH (74%), 3.7% 7 days 30% 0%
etal. LH (19%),
RTS (7%)
Choi etal. 2012 20 RH (30%), 10% 15 days 40% 0%
LH (70%)
Spampinato 2014 25 RH (64%), 4% 8 days 16% 0%
etal. LH (28%),
ERH (4%),
LLS + SgVI
(4%)
Fruscione 2019 57 RH (35%), NA - 4 days 28% 0%
etal. LH (35%), excluded
other (30%) from analysis
Wang et al. 2019 92 RH (48%), 1% 7 days 13% 0%
LH (52%)

RH, right hemi-hepatectomy; LH, left hemi-hepatectomy; RTS, right tri-sectionectomy; ERH, extended right hemi-
hepatectomy; LLS, left lateral secitonectomy; SgVII, segment 6. Morbidity vate, includes post op complications from
Clavien Dindo grades I-V. Mortality rate, 30 day post-operative mortality.

Table 1.
Published series focused on outcomes following robotic major hepatectomies in the literature.
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critical care admission, 90 day re-admission rate and a similar length of stay and
complication rate [22].

The robotic approach has also been shown to be feasible for simultaneous
resection of a colorectal primary malignancy and the associated liver metastasis.
Analysis of a small number of major hepatic resection with synchronous colorectal
resection, demonstrated robotic resection to have acceptable morbidity and onco-
logical outcomes [23].

The robotic approach has also been considered as an alternative to open surgery
for hepatectomies requiring more extended resections and or biliary reconstruc-
tions. Outcomes published by 2 specialist centres demonstrated the robotic
approach as a safe and feasible alternative to open surgery for hilar cholangiocarci-
noma. However whilst technically feasible and safe, the results did not demonstrate
equivalence to open surgery. Indeed they reported longer operative times and a
higher estimated blood loss relative to open surgery. Furthermore, robotic resec-
tion was associated with poorer oncological outcomes with a lower recurrence free
survival rate [24, 25].

Given the relative infancy of robotic innovation within the field of minimally
invasive surgery, it is perhaps unsurprising that the literature around major robotic
liver surgery is somewhat limited. The utility of a laparoscopic approach to major
hepatectomy is only presently under investigation and any advantages relative to
open surgery remains unestablished. Within this context, it is unclear if open or
laparoscopic surgery should be the standard against which robotic surgery is held.
At present, level IT and III evidence suggests that robotic surgery is safe, feasible,
and certainly non inferior to laparoscopic or open surgery. However it remains
uncertain if this will translate to clinically significant short and long term outcomes
in larger, prospective studies.

3.2 Minor resections

Minor hepatic resections, a category encompassing non-anatomical wedge
resections, left lateral sectionectomies, segmentectomies and bisegmentectomies,
are the most commonly performed minimally invasive hepatic operative interven-
tions in both the laparoscopic and robotic settings [10, 17].

While the evidence discussed above suggests the multitude of technical advan-
tages as well as non-inferiority of the robotic approach to major hepatic resections,
it is pertinent to critically examine the role of robotic surgery in minor resections if
aiming to confer improved operative outcomes to the greatest number of patients.

In keeping with the increasing trend for parenchymal sparing liver resection,
non-anatomical and anatomical wedge resections are the mostly commonly per-
formed robotic liver minor resection [10]. Indeed, a minimal access approach to
resect only small amounts of hepatic tissue seems logical considering the morbidity
associated with large abdominal incision; a position supported by international
consensus in 2008 [26]. Particular difficulties exist, however, when performing
laparoscopic in the postero-superior segments of the liver where a combination of
the costal margin and rigidity of laparoscopic instruments conspire to make opera-
tive access difficult [12].

A number of robotic minor resection cases series from enthusiast centres report
broadly equivalent operative times, operative blood loss and post-operative morbid-
ity without significant differences to laparoscopic approaches, although the techni-
cal benefit of the robotic endo-articulated wrists were repeatedly emphasised as a
partial solution to the difficulties involved with postero-superior segment resec-
tions [10, 20, 27, 28]. Furthermore, the use of robotic tremor filtration and gain
reduction adjustments were reported to facilitate a greater degree of parenchymal
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sparing surgery and finer hilar or hepato-caval dissection, technical feats which
can be challenging in the laparoscopic setting, potentially reducing requirement for
conversion to open [27, 29]. These studies are retrospective, and while some include
propensity score matching, prospective randomised controlled trial data is lacking.
Results from the Dutch ORANGE-SEGMENTS trial investigating the role of open
vs. laparoscopic postero-superior liver segmental resection and results are awaited,
but to date no such trials are ongoing in regard to robotic non-anatomical and
anatomical wedge resections.

Left lateral sectionectomy consists of the resection of hepatic segments II and
I1I. The minimally invasive approach has become standard of care for this minor
resection with comparative ease of access to the left lateral section, a relatively
distant relationship to major vasculature and often minimal difficult mobilisation
requirement leading this hepatic resection to be considered one of the more straight
forward minor hepatectomies [7].

A small number of retrospective studies have aimed to compare the laparoscopic
to open approach in left lateral sectionectomy [30-32]. These studies compared a
small number of robotic left lateral sectionectomies with retrospective laparoscopic
approaches, finding broadly similar results, with no significant differences in
operative blood loss, clinical outcomes or operative time, although increased opera-
tive costs. A further study, which examined a subgroup of more complex left lateral
sectionectomy, with BMI >30, larger tumours or closure operative proximity to
major vasculature, reported a significant reduction in operative blood loss, although
no significant difference in the overall study group [33]. These results led authors to
conclude that the laparoscopic approach to left lateral sectionectomy should remain
the standard of care, although it is notable that while gold standard, the only ran-
domised controlled trial comparing laparoscopic vs. open left lateral sectionectomy,
ORANGE-I], failed to show a significant difference in outcome when compared the
laparoscopic to open approach to left lateral sectionectomy [34]. This result was, in
part, due to premature trial cessation due to slow trial recruitment, perhaps reflect-
ing the board uptake of minimal access approach to left lateral sectionectomy. It
remains possible that with evidence of clinical non-inferiority of robotics, enthusi-
astic uptake may further popularise the robotic approach in a similar fashion.

4. Oncological outcomes

Given that liver resections are predominantly carried out for malignant pathol-
ogy, oncological standards such as resection margins, lymph node yields, recur-
rence and disease free survival are the critical outcomes against which robotic
hepatectomy should be evaluated. To that end, we have recently published a review
of the literature and found robotic liver surgery to be equivalent with regards to the
completeness of the resection margin (96% RO) [35]. Although there are a limited
number of studies reporting longer term oncological outcomes such as recurrence
and disease free survival, the results so far have been promising.

4.1 Hepatocellular carcinoma (HCC)

HCC is the predominant malignancy for which a robotic approach has been
utilised, with 40% of the cases published in the literature indicating this as the
underlying indication [22]. Three studies have examined the longer term oncologi-
cal outcomes following robotic hepatectomy in this cohort and found the oncologi-
cal outcomes to be comparable. Two of these studies compared robotic surgery to
open resection and reported a similar 3 year disease free rate at 64% (Lim et al) and
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72% (Chen et al). The overall 3 year survival rate was approximately 98% and 93%
[36, 37]. The remaining study compared the oncological outcomes between robotic
and laparoscopic resections and reported the 5 year disease free and overall survival
rate at 42% and 65% respectively [5].

4.2 Colorectal liver metastases (CRLM)

Seven studies have examined the oncological outcomes from robotic hepatec-
tomy for colorectal liver metastases. A 100% RO resection rate was reported by 5 of
the 7, whilst the remaining 2 studies reported a rate of 92% and 73.7% [23, 38-43].
A single study evaluated longer term oncological outcomes, and in a propensity
matched comparison to laparoscopic resections, reported equivalent 5 year disease
free and overall survival rates at 38% and 61% respectively [43]. Matched com-
parisons of long term oncological outcomes between open and robotic surgery are
awaited.

4.3 Cholangiocarcinoma (CAA)

Minimally Invasive Surgery utilising a robotic approach should theoretically
convey the significant advantages to hilar CCA resections given the necessity of
extreme precision and micro-anastomosis formation. However CCA resections
form less than 10% of robotic liver surgery in the current literature, likely due to
the required tertiary level of surgical expertise and robotic technology [22]. As
such, the literature exploring oncolocological outcomes is very limited. The largest
case series (48 patients) of patients undergoing robotic resections for Type I, II
and III CCA, reported successful lymphadenectomy from stations 7,8,9, 12 and 13
and an RO resection rate of 72.9% [44]. A single study has reported on longer term
outcomes following robotic resections and demonstrated significantly higher rates
of recurrence and peritoneal disease when compared to a contemporaneous group
of open resections in the same centre [45]. As such whilst technically feasible and
safe in expert hands, further studies are required to fully elucidate the oncological
equivalence of robotic MIS for CCA.

4.4 Gallbladder Cancer

When compared to open radical cholecystectomy, the robotic approach has
been shown to result in analogous operative times, blood loss, and length of stay.
Specialist centres have also reported equivalent lymph node yields and demon-
strated the feasibility of complete robotic lymphadenectomy of stations 8,9 12 and
13 [46-48]. An 100% RO resection rate has been reported by the only 2 studies that
present oncological outcomes [47, 48]. To date, no studies have yet to report on
longer term oncological data following robotic radical cholecystectomy.

5. Limitations

As with other subspecialties of surgery, while the robotic approach can confer
major operative advantages, limitations also exist and it is important to consider
these closely, not only for assessment of robotic feasibility, but also in order to adopt
adoptions of solutions to such limitations.

The initial purchase of robotic systems poses a major financial outlay to health-
care institutions. With many health systems facing unprecedented pressures, such
upfront costs may be difficult to meet. Ongoing maintenance and updates to newer
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robotic models, as well as requirement for further robotic systems associated with a
growing surgical evidence base will add to financial expense.

Such upfront costs may make the financial case for initial investments difficult
in a publicly funded health care system such at the UK National Health Service.
However, as with all technology, costs of equipment have already been seen to
decrease in older models, while newer designs remain at the top of the market. In
the same way that laparoscopic stacks and equipment, initially considered a major
investment, are now considered as standard in any theatres inventory (albeit with
differing quality across healthcare institutions) robotic theatre systems are likely to
become common place in the operating theatre complex.

Furthermore, while the earliest days of robotic surgery, saw one company at
the forefront of robotic design and technology, maintain a virtual monopoly on
the robotic equipment, market competitors have already emerged, a trend which
looks set to continue. This is highly likely to bring about a reduction in costs. In this
context however, it cannot be assumed that an evidence base for robotic surgery
built on one robotic system is necessarily transferable to different systems, and care
must be taken when applying this evidence and making financial decisions regard-
ing newer market technology.

In a manner not dissimilar to the initial uptake of laparoscopic minimally inva-
sive surgery in the twentieth century, the uptake of robotic surgery within hepato-
biliary surgery has not been as marked as within other surgical specialties. However,
this may confer an advantage in financial terms, where robots already purchased
and present in theatres based on an early uptake in other specialties can be utilised
for education and training in less robotically advanced surgical specialities.

Another disadvantage posed in much of the literature, in both major and minor
liver resections is increased operative time, although the clinical maxim “surgical
time in measured in inpatient days, not theatre minutes” may be prescient here.
Whilst theatre time is a precious financial resource, particularly in an era of unprec-
edented surgical waiting lists, reduced critical care and overall inpatient stays could
confer an overall institutional financial advantage.

Length of surgical theatre time is multifactorial. Technical learning curves
of individual surgeons, which have previously shown to be flatter than that of
laparoscopic surgery, show operating times inversely proportion to training and
experience, as expected with any new skill set [49]. Furthermore, overall operating
theatre time not only encompasses the primary surgical procedure, but also robotic
system set up, patient positioning, robot docking, and additional tasks performed
by the theatre team as a whole. In a similar fashion to the primary surgeon activity
discussed above, the increased experience of adequately trained and well drilled
theatre team can be expected to significantly reduced theatre times, allowing an
increased case load for theatre lists.

While every surgical speciality performs unique technical tasks requiring
specific equipment, liver surgery, to perhaps a greater extent than other forms
of abdominal surgery, utilise a cornucopia of specific tools not common to other
subspecialties. Ultrasonic probes, used for intra operative identification of specific
lesion, hepatobiliary specific energy devices and minimally invasive articulated
retractors, as well as ultrasonic surgical aspirators, which allow cavitation and
aspiration of hepatocytes whilst sparing vascular and biliary structures, are not
yet incorporated into standard robotic systems. This technology, however, already
exists within the minimal access domain of laparoscopic surgery, so incorporation
into robotic systems should not pose an insurmountable barrier.

An often described limitation of MIS is the relative lack of tactile feedback pres-
ent in open surgery, making dissection of difficult but vital structures significantly
more challenging, with potential for catastrophic tissue damage from excessive
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forces. While much comment was made on this in the advent of laparoscopic
surgery, the degree of tactile feedback offered in early robotic surgery systems was
even less. Hydraulic haptic feedback systems are, however, already in development
with in vivo trials showing significant grip strength reduction more akin to that in
open surgery [50, 51].

As with any novel surgical technology, it is necessary to temper adoption of
technology with strict clinical governance to maximise patient safety. This includes
inclusion of robotics cases in morbidity and mortality discussions, a forum for
discussing serious untoward events and near misses, and strategies within scientific
literature to avoid publication bias.

Obesity has become an epidemic in many parts of the western world and
extremes of BMI offer difficulties in many aspects of surgical practice. While a
number of studies in other surgical subspecialties have shown the robotic approach
not to offer significantly worsened outcomes in extremes of BMI, hepatobiliary
surgery offers specific challenges with non alcoholic fatty liver disease, steatohepa-
titis and liver cirrhosis associated with morbid obesity [52-54].

A recently published US study examined the effects of BMI, prospectively
observing outcomes in patient subgroups of BMIs <25, 25-35 and > 35, found no
significant differences found in operative blood loss, operative time of length of
stay [55]. With a relatively small number of patients in this study however, more
work is required to accurately identify the possible difficulties or benefits posed
with hepatic robotic surgery in the obese patient cohort.

Operative training is a vital part of any health service in order to provide future
surgeons adequate experience and competence to take on standard as well as
challenging cases with a minimal access approach. While early adopters of robotic
surgery are often consultant surgeons with strong minimal access laparoscopic
practice, for these enthusiasts to become robotic trainers themselves takes time
for building of robotic experience. It is therefore expected that robotic training for
surgeons in formal training stages will take time to diffuse down, as with the uptake
of any new surgical practice. However, flatter learning curves with robotic surgery,
with dual operator consoles and built-in simulation trainer modules to robotic
surgical systems can offer clinical and non-clinical based training experience. These
opportunities will increase with a corresponding increasing prevalence of robotic
systems within healthcare institutions.

6. Future outlook

While limitations within robotic hepatic surgery exist, the future outlook for
incorporation of robotics into liver surgery, with additional integration of other
technology offers exciting promise.

Robotics systems, with the primary operator working from a non-sterile sta-
tion with a visual screen, already offers the opportunity to consult pre-operative
imaging for comparison to intra operative findings. Infrared fluorescence technol-
ogy, incorporated into robotics systems, offers visualisation of vital biliary and
vascular structures with near fluorescence of indocyanin green. This poses a major
advantage during dissection of the liver hilar structures, where anatomical varia-
tion is commonplace and iatrogenic injury can prove catastrophic. With constantly
improving imaging and artificial intelligence technology, it is not difficult to
imagine intraoperative overlay of imaging to on screen anatomical structures allow-
ing real-time surgical decision making, such as lymph node dissection or surgical
resection margins. With the rise of artificial intelligence integrated into robotic
systems, it is possible that pre-operative structural recognition of vital hepatobiliary

20



Robotic Liver Surgery
DOI: http://dx.doi.org/10.5772/intechopen.9g9123

structures or predefined areas within resection margins could be predefined as “no
go areas” during operative intervention offering intraoperative artificial intelligence
guidance to the operating surgeon. It is perhaps even conceivable that automated
robots could perform hepatic resections, with the primary surgeon adopting a
supervisory role.

While questions are understandably raised regarding the early stages of surgical
training on robotic systems, telecommunications incorporated into robotic systems
can arguably vastly improve training in the latter stages. With shared access, real
time intra-operative images could be viewed on technology outside of the operating
theatres allowing recommendations from experienced colleagues in the event of
intraoperative uncertainty. Indeed, it is conceivable the operative control could be
managed at work-stations distant to the immediate operating theatre.

Perhaps the most important aspect of the future of robotic surgery, however,
will be widespread inclusion into standard surgical practice. If robotic surgery is
to exist outside of a few specialist centres, a balance must be struck between using
robotics for the most complex technical cases, where a clear evidence base exists
within the literature, and the everyday use of the robotic system, allowing not
only the operating surgeon but also whole team to become at home managing and
trouble-shooting issues that arise with all technology. While major advantages of
routine use of robotic technology for, for example, minimally invasive cholecys-
tectomy will be difficult to evidence, adoption of such technology on a day-to-day
basis will be essential for surgical training.

7. Conclusion

Robotic liver surgery is rapidly evolving. There is growing evidence suggesting
this approach to be feasible and safe. This evidence however is limited to highly
specialised centres and cannot be consider standard of care. Robotic liver surgery
shares the advantages of laparoscopic liver surgery and both should be developed in
parallel to promote wider access to minimally invasive surgery for patients undergo-
ing liver resections. Certain limitations remain whilst there is a promising future of
innovation and research for robotic liver surgery.
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Chapter 3

Robotic-Assisted Minimally
Invasive Surgery in Children

Mario Navarrete-Avellano

Abstract

Currently, minimally invasive surgery (MIS) includes conventional
laparo-thoracoscopic surgery and robot-assisted surgery (RAS) or robotic sur-
gery. Robotic surgery is performed with robotic devices, for example the Da Vinci
system from Intuitive Surgical, which has a miniaturized camera capable of image
magnification, a three-dimensional image of the surgical field, and the instru-
ments are articulated with 7 degrees of freedom of movement, and the surgeon
operates in a sitting position at a surgical console near the patient. Robotic
surgery has gained an enormous surge in use on adults, but it has been slowly
accepted for children, although it offers important advantages in complex surger-
ies. The areas of application of robotic surgery in the pediatric population include
urological, general surgery, thoracic, oncological, and otorhinolaryngology, the
largest application has been in urological surgery. There is evidence that robotic
surgery in children is safe and it is important to offer its benefits. Intraoperative
complications are rare, and the frequency of postoperative complications ranges
from 0-15%. Recommendations for the implementation of a pediatric robotic
surgery program are included. The future will be fascinating with upcoming
advancements in robotic surgical systems, the use of artificial intelligence, and
digital surgery.

Keywords: robot-assisted surgery, minimally invasive surgery, laparoscopy,
thoracoscopy, urological, gastrointestinal, hepatobiliary, thoracic, oncological,
digital surgery, children

1. Introduction

Pediatric robotic surgery offers unique challenges within this rapidly advancing
field. There has been a slow rate of uptake within most pediatric surgical centers
around the world due to both finance, and difficulties associated with equipment
primarily designed for adults. The ergonomics required for the da Vinci® mas-
ter—slave-type platform currently challenge the small working space in very small
children.

Currently, there are three options for surgical treatment for a wide variety of
pathologies in the pediatric population, open surgery (traditional) and MIS, which
include: conventional laparo-thoracoscopic surgery and RAS.

Minimally invasive techniques are applicable in more than 60% of abdominal
and thoracic operations in children, and according to evidence-based data and
ethical principles can be used properly [1].
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In 1994, the first robotic system used in the urological practice known as AESOP
was introduced. Later, the evolution of these devices would bring the Zeus system
and finally the Da Vinci system while continuously increasing their precision and
effectiveness [2].

Since these initial reports, robotic surgery has seen widespread application
within the adult population, especially in urologic and gynecologic procedures. As
is often the case for new devices, technology, and therapeutic options in surgery,
the application of robotic surgery for children has occurred more slowly than in
adults. This caution is due in part to technical limitations with developing appropri-
ately sized instruments for the pediatric patient; however, in recent years broader
implementation has been seen [3-6].

In April 2001, Meininger et al. [7] published the first cases of RAS in chil-
dren. The first of these two Nissen fundoplication procedures was reported as
occurring in July 2000 [7-10]. Shortly afterward, the first robotic urological
procedure in a child was undertaken in March 2002 by Peters et al. (personal
communication, July 2002) who performed a pyeloplasty using the da Vinci®
[11, 12]. Since then to date, more than 70 different surgical techniques have been
published [13, 14].

Currently, the only robotic system that is approved for pediatric use is the da
Vinci Surgical System (Intuitive Surgical, Sunnyvale, CA) [7]. The da Vinci robot
is well suited for children of all ages, including infants and newborns, using careful
preoperative planning, this allows the da Vinci to be used for numerous procedures
in small children [14, 15].

The evolution of conventional laparoscopic surgery highlights the transitory
stages that follow adoption and diffusion of surgical innovation [16-18]. RAS was
introduced to the specialty of pediatric surgery following initial case reports in the
early 21st century. Subsequently, this promising surgical technology has undergone
a formative 10-year period of introduction, development, early dispersion, explora-
tion and preliminary assessment [13].

Cundy et al. [13], performed a 2013 systematic literature search for all reported
cases of RAS in children during an 11-year period. During this time, 2,393 pro-
cedures in 1,840 patients were reported and the most prevalent gastrointestinal,
genitourinary, and thoracic procedures were fundoplication, pyeloplasty, and
lobectomy, respectively.

Due to the limitations of conventional laparoscopic surgery in pediatric patients,
expert pediatric surgeons should only perform the more complex or reconstructive
laparoscopic techniques [19].

There have been few reports that have been published about robotic general
pediatric surgery [20-29]. Thus, far, the largest number of procedures and publica-
tions have been produced about robotic urological pediatric surgery [11-13, 30-45].
Trends in the literature indicate that pediatric RAS is continuing to be globally
utilized [11, 13, 30-35, 43-46].

The safety of RAS in children is reported to be similar to open procedures, and
the outcomes are at least equivalent to conventional laparoscopy [47]. Robotic sur-
gery on smaller children and infants require special considerations when discussing
robotic surgery [48].

Numerous case reports, case series, and comparative studies have unequivocally
demonstrated that robotic surgery in children is safe [13].

In systematic investigations of databases of pediatric RAS, the global surgical
conversion rate was 4.7% [22], and a net overall surgical conversion rate of 2.5%
was reported [13]. In published studies of pediatric RAS, transoperative compli-
cations are infrequent, and in the postoperative period, the frequency varies from
0 to 15% [22, 49-51].
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2. Characteristics, advantages, benefits, limitations and applications of
robotic surgery

2.1 Characteristics

In RAS robotic devices are used, such as the Da Vinci system from Intuitive
Surgical, which has a miniaturized camera and the surgeon operates seated at a
console close to the patient (telesurgery), with three-dimensional and magnified
images of the operative field, and manipulates articulated instruments controlled
by their hands and feet; It is supported by a second surgeon positioned next to the
patient at the exposure of the operative field, with retraction, suction and exchange
of instruments in the arms of the robot. There is greater precision than in open
surgery and conventional laparo-thoracoscopic surgery [52].

2.2 Advantages

RAS enables more refined hand-eye coordination, superior suturing skills, better
dexterity, and precise dissection. It is achieved by the characteristics of robotic sur-
gical platforms that include motion scaling, greater optical magnification, 3D, and
stereoscopic vision, increased articulated instrument tip dexterity, tremor filtration,
operator-controlled camera movement, and elimination of the fulcrum effect [13],
all of this translates into greater safety for patients and advantages for the surgeon.

Robotic instruments were specifically designed to mimic human wrist move-
ments, allow 7 degrees of freedom of movement, and can be particularly advanta-
geous for newborns, infants, and young children, as well as, certain hard-to-reach
anatomical areas [29, 46]. By operating seated at the console, surgical fatigue and
tremors are reduced [53].

2.3 Benefits

Robotic enhancements offer improvements in the technical capacity of human
performance for surgery within spatially restricted workspaces in children [13].
Less time is required to acquire the right skills and confidence with RAS, “The
learning curve is shorter” [46, 54-56]. Robotic assistance will allow more pediatric
surgeons to perform a greater volume of minimally invasive procedures [57].

It also has a real benefit for the pediatric patient in terms of: minimizing opera-
tive trauma, minimal scarring, less postoperative pain, less need for opioids, less
bleeding and transfusions, fewer complications, less risk of infection, shorter hospi-
talization, and quick return to daily activities, this also benefits parents [46, 47, 58].

2.4 Limitations

There are limitations in RAS, this includes, access to the patient by the anesthe-
siologist is limited after the robot is docked, changes to patient position or access
to the patient requires detachment of the robot, and patients must remain entirely
paralyzed when the robot is docked [59].

In addition, RAS frequently requires Trendelenburg or reverse Trendelenburg
steeper positioning, which has hemodynamic consequences. This situation can
typically be mitigated by adequate volume expansion [60].

Infants are typically more susceptible to the respiratory effects of pneumoperi-
toneum than older children or adults, abdominal insufflation decreases respiratory
compliance and increases airway pressures, and the instilled CO2 can cause hyper-
capnia and acidosis [61].
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The primary disadvantage of robotic surgical technology in pediatric surgery is
related to the size of the surgical robot and its associated instruments [4, 5, 46], the
robotic instruments are only available in 2 sizes, 8 mm and 5 mm. Similarly, robotic
endoscopes (lens) are currently only available as 12.0 mm and 8.5 mm.

The cost analysis for the use of the robot is not strictly measured by numerical
cost in dollars, but should be considered as value equating to quality (as defined
by positive outcomes/cost). Naturally, there is the initial cost of purchasing and
maintaining the robot itself, as well as the increased costs from the disposable
robotic equipment and the longer operative times [4]. It should be noted other fac-
tors associated with the robotic portion of a procedure, such as increased operating
room or anesthesia time, staff training, and cost of marketing campaigns [62].

In contrast, patient and parent satisfaction, as well as emotional and profes-
sional benefits, should also be considered when evaluating cost/satisfaction of this
type of investment [63]. One study found that it takes at least 3 to 5 cases per week
in a program to demonstrate a net gain from robotic surgery [64].

Other cost analyses suggest that robotic surgeries are more expensive than those
associated with laparoscopic or open surgery [65, 66]. However, RAS is associated
with a 2% decrease in anastomotic leaks [67, 68]. This reduces hospitalization and
costs of managing the resulting surgical morbidity, and benefits the earlier return
of the patient to the workforce [66]. In addition, by preferably performing difficult
and complex cases in which robotic surgery adds value to patient care; it should be
a solution with the best profitability in hospitals that have a robotic system. In some
countries such as in Latin America, costs represent a great inconvenience for the
advancement of robotic surgery in children, especially in private hospitals.

A short hospital stay, prudent use of instruments, reduced operating room
times, and competent robotic equipment reduce costs [69]. Therefore, future
comparative analyses of outcomes in children should include financial factors such
as loss of human capital, parents [70].

2.5 Applications

Robotic surgery has been used in almost all pediatric surgical subspecialties,
including urology, general surgery (gastrointestinal-hepatopancreatobiliary),
thoracic, oncology, and otorhinolaryngology. Among pediatric disciplines, robotic
surgery is used most frequently in urology.

The best indications for robotic surgery are procedures that require a small
surgical field, fine and precise dissection, and secure intracorporeal sutures [71].
The RAS have special application in complex and reconstructive surgery, for these
procedures, from the open technique; surgeons often jump to RAS [14]. RAS in
otorhinolaryngology with the application of the transoral approach is particularly
useful in masses of the tongue base [72]. Furthermore, RAS has performed a wide
spectrum of surgical procedures in children [13].

3. Urologic robotic surgery

To date, the application of MIS in pediatric urology has evolved over more than
30 years [73]. Urology has the highest acceptance of robotic surgery within pediat-
rics. The first use of robotics in children was a pyeloplasty for ureteropelvic junction
(UPJ) obstruction, because the ureteropelvic anastomosis was a technical challenge
using conventional laparoscopic surgery [11, 12].

In a systematic bibliographic search that was carried out of all the published
cases of pediatric robot-assisted urological surgery between 2003 and 2016. A total
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of 151 publications that reported 3688 procedures in 3372 patients were identified.
The most reported procedures were pyeloplasty (1923), ureteral reimplantation
(1120), heminephrectomy (136), and nephrectomy or nephroureterectomy (117).
There were 16 countries and 48 institutions represented in this literature [6].

We will approach the surgical urological pathology of the child based on the
anatomy of the urinary tract as follows, i. Upper urinary tract, ii. Lower urinary
tract and iii. Miscellaneous procedures.

3.1RAS on the upper urinary tract
3.1.1 Nephrectomy

In pediatric patients, complete or partial nephrectomies are indicated more fre-
quently for benign diseases and less frequently for malignant diseases. Indications
for RAS nephrectomy for benign diseases are multicystic dysplastic kidney disease,
kidney exclusion due to various pathologies, such as UPJ obstruction, reflux
nephropathy, among others, indications of malignant tumors, particularly Wilms
tumor are increasing legitimizing itself through corresponding treatment protocols,
and surgery performed while adhering strictly to oncological surgical rules [74].

In nephrectomy, the initial step is the dissection and exposure of the renal
pedicle, its ligation and cutting. The next step, the kidney is completely freed from
its surrounding tissue. Subsequently, the dissection of the ureter is performed, in
the case of radical nephroureterectomy it should be performed up to the bladder.
The kidney is extracted through the umbilical access, in case of nephrectomy due
to tumor, the use of a collection bag is mandatory, and it is removed through a
Pfannenstiel incision, and finally lymph node sampling is crucial for surgical
staging and guiding subsequent treatment.

3.1.2 Partial nephrectomy

Ureteral duplication is the most common congenital abnormality of the uri-
nary tract. Partial nephrectomy for benign indication is performed for the resec-
tion of a deficient or non-functional fraction of a duplex system and can cause
or be associated with obstruction and hydronephrosis, dysplasia, megaureter,
ureterocele, and vesicoureteral reflux. Heminephroureterectomy is performed in
cases with a reflux system [73]. It is reccommended before surgery, to place a stent
in the ureter to be preserved (for easy identification during dissection). If the
ureter of the remaining fraction is to be reimplanted or if an ectopic ureter is to
be followed in the deep pelvis, the robot is repositioned between the patient’s legs
and redocked [75].

3.1.3 Pyeloplasty

Robot-assisted pyeloplasty is the most common procedure performed robotically
in pediatric patients, both within urology and overall [76]. The excellent experience
with robot-assisted pyeloplasty has challenged other approaches as a new standard
for the treatment of UPJ obstruction.

Dismembered pyeloplasty (Anderson-Hynes) includes resection of the UPJ and
reduction of the renal pelvis. In the technique, the ureter is incised and spatulated
laterally to provide sufficient ureteral wall length to achieve a wide side-to-side
anastomosis. Once the anterior layer of the pelvic-ureteral anastomosis has been
sutured, an antegrade transanastomotic double-J stent is passed. J-Vac transabdomi-
nal drainage was used in the surgical bed.
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Patients undergoing robotic pyeloplasty have a shorter hospital stay, and less
need for analgesics; however, there is no difference in the success rate of robotic
pyeloplasty in comparison to the other two approaches [77-79].

In robotic pyeloplasty the learning curve is much shorter. This allows some
surgeons to transition from the open pyeloplasty to the robotic approach without
any prior laparoscopic experience with this technique [80].

Pyeloplasty in infants less than 10 kg has been performed successfully. A multi-
institutional study of 60 infants less than 12 months old with a 91% success rate and
an 11% complication rate, which is similar to other studies on larger children and
adults [81]. The foregoing supports the personal experience of the author.

Also, the retroperitoneal robotic approach is indicated mainly for patients with
previous abdominal surgery, when adhesion syndrome is suspected, and it has been
validated for pyeloplasty and other techniques in this anatomical area [82].

3.1.4 Ureteroureterostomy

The procedures performed included pyeloureterostomy for incomplete duplica-
tion and lower pole UPJ obstruction and ipsilateral ureteroureterostomy along with
distal ureterectomy for obstruction in a dysplastic upper pole with ureteral, ectopia,
for the treatment of duplex anomalies and reconstruction of obstructed dilated ure-
teral segments [83]. This can also be applied to the lower ureter in duplex systems
where it helps to avoid reimplantation of disparate ureters in the same tunnel. Also,
transperitoneal robotic ureteroureterostomies have been reported for mid ureteric
strictures and also for the correction of retrocaval ureters [84, 85]. Also with robotic
assistance, the removal of a large ureteric stone at any level with the placement and
closure of a stent is a relatively simple affair, using the Mikulicz procedure to close
the ureterotomy or a spatulate anastomosis.

3.1.5 Ureterocalicostomy

Ureterocalicostomy is a potential, and technically feasible option in patients
with UPJ obstruction and significant lower pole caliectasis which is often reserved
for patients with a failed pyeloplasty and a minimal pelvis, or patients with an
exaggerated intrarenal pelvis [86]. An ureterocalicostomy is a procedure in which
the ureter is sutured to the lowermost calyx of the kidney. It is a salvage operation,
which should be in the arsenal of every surgeon operating the UPJ [87]. The robotic
approach is a good option.

3.2RAS on the lower urinary tract
3.2.1 Extravesical ureteral reimplantation

The most performed procedure in the lower urinary tract in children is the
antireflux ureteral reimplantation [13]. Indications for the surgical treatment of
pediatric vesicoureteral reflux include severe urinary tract infections while taking
continuous antibiotics prophylaxis, renal scarring, and worsening or non-resolution
vesicoureteral reflux. Robotic ureteral reimplantation can be done by an extravesi-
cal or intravesical approach and, of these approaches, the extravesical is much more
widely reported [88, 89]. The extravesical procedure is a ureteral reimplantation
according to the well-established technique of Lich-Gregoir, for achieving an
antireflux mechanism. This technique is an accepted alternative to endoscopic treat-
ment and open reimplantation techniques in pediatric patients [73]. However, open
surgery remains the gold standard for ureteral reimplantation [90].
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The long-term results of the antireflux procedure are evaluated in terms of
preservation of differential renal function, absence of urinary tract infections,
and adequate urinary drainage, with a follow-up of more than one year [91]. Ina
prospective study of children undergoing robot extravesical ureteral reimplantation
at eight academic centers from 2015 to 2017, 143 patients (199 ureters). The major-
ity of ureters (73.4%) had grade III or higher vesicoureteral reflux preoperatively.
Radiographic resolution was present in 93.8% of ureters. Robotic ureteral reim-
plantation should be considered as one of several viable options for management of
vesicoureteral reflux in children [92].

3.2.2 Appendico-vesicostomy and continent catheterizable channels
3.2.2.1 Appendicovesicostomy (Mitrofanoff)

Complete bladder emptying in children with bladder emptying dysfunction (neu-
ropathic bladder) is achieved with clean intermittent catheterization (CIC). In 1980,
Mitrofanoff described his technique of a continent appendicovesicostomy for patients
when transurethral CIC cannot be carried out for any reason. When medical therapy
fails in the neuropathic bladder, the surgery aims to preserve upper tract function
and social continence. A cystostomy with a continent opening easy to catheterize and
associated with a closure of the vesical neck, was the objective. The tip of the appendix
opened into the bladder at the end of an antireflux submucosal tunnel and the other
end hemmed to the skin. The bladder neck is usually closed in the same operation. The
continence of the vesicostomy is total and the comfort obtained is excellent [93].

The surgical technique is analogous to the Lich-Gregoir technique, to create an
antireflux mechanism. The appendicocutaneostomy can be placed in the umbilicus
or in the right lower abdominal quadrant [73]. Robotic continence procedures have
been shown to be a safe and effective alternative [94]. An important point is to
assess whether a simultaneous bladder augmentation is performed [95].

In patients with neurogenic bowel and bladder secondary to spinal dysraphism
who tend to have multiple limb spasms and spinal scoliosis, RAS is a good option
[96]. Complex lower urinary tract reconstruction defined as reconstruction of the
bladder neck or catheterizable continent ducts, or both, as well as the creation of an
antegrade Malone continence enema, for better management of constipation [97].

3.2.3 Augmentation cystoplasty

Augmentation cystoplasty often performed in the context of other reconstruc-
tive procedures such as appendicovesicostomy or bladder neck reconstruction.
The procedure of bladder augmentation can be performed using a mega-ureter
when nephrectomy is anticipated. At present day, the ileocystoplasty represents
the currently accepted standard of care [73]. In robotic technique, a 20 cm segment
of ileum is selected and isolated. Intestinal continuity is restored, and in the post-
operative, the bladder is drained with a suprapubic tube, a urethral catheter and
another catheter through the Mitrofanoff channel [98]. Another tissue option for
bladder augmentation is the sigmoid colon, this technique significantly improved
urodynamic parameters, such as bladder accommodation and filling pressure in
children with myelomeningocele-associated neurogenic bladder [99].

3.3 Pediatric urology miscellaneous procedures

The miscellaneous pediatric urology procedures are some surgeries in the pelvic
area, a narrow field that is ideal for the robotic approach. There are reports from
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RAS of; symptomatic bladder diverticulum excision [36], symptomatic or malig-
nant urachal cyst excision [100], posterior urethral diverticula excision, mainly
after surgical reconstruction of imperforate anus [101], prostatic utricle removal, is
a malformation due to incomplete regression of Miillerian ducts [102], and varico-
cele cure, a condition that has a significant association with infertility [103].

4. General surgery (gastrointestinal and hepatopancreatobiliary)

RAS in general surgery, and thoracic surgery have not yet reached the magnitude
that it has in pediatric urology. Robotic procedures that have been reported include,
fundoplication, cholecystectomy, choledochal cysts resection, hepatectomy,
colectomies, proctectomy with ileal pouch-anorectal anastomosis [104]. Other
techniques are, Thal fundoplication and salpingo-oophorectomy [8], Soave pull-
through procedure for Hirschsprung’s disease [105]. Others that are less common,
RAS for the treatment of duodenal obstruction, such as the Ladd cure in intestinal
malrotation, the duodenojejunostomy for superior mesenteric artery syndrome
[106], the repair of congenital duodenal atresia [107], and gastroduodenal obstruc-
tion due to trichobezoar [14].

Hepatopancreatobiliary RAS in children inevitably involves high complex-
ity, such as Kasai portoenterostomies and choledochal cyst resection [108-109].
Furthermore, liver resection, robot-assisted generally indicated for treatment of
tumors [110].

4.1 Fundoplication

Fundoplication is the most widely performed and reported robotic-assisted
surgery in pediatric general and thoracic surgery [3].

When comparing conventional laparoscopic primary fundoplication and RAS
in children, there were no differences between the two groups in terms of operative
time, length of hospital stay, conversions, and complications. The conclusion is
that RAS is a safe alternative to conventional laparoscopic surgery [111]. Regarding
the advantages of RAS, a systematic review of primary fundoplication showed
that postoperative complications are reduced in the robotic group. Because in the
RAS there is greater dexterity and precision in the subphrenic space, than with
laparoscopy [112]. In addition, RAS plays an important role in difficult cases, such
as obese patients, large hiatal hernias, and redo fundoplication [113, 114]. On the
other hand, with conventional laparoscopy, only skilled pediatric surgeons resolve
difficult cases [114].

4.2 Choledochal cyst resection

Choledochal cyst resection and reconstructive Roux-en-Y hepaticojejunostomy
are technically complex and, only in Southeast Asian centers there is extensive
experience in the laparoscopic technique. In the rest of the pediatric centers of the
world, most of this surgeries are performed with the open technique [115].

In 2006, the first pediatric RAS choledochal cyst resection was reported [116].
Since that time and up to 2019, several authors have reported cohorts of 1 to 39
pediatric patients undergoing RAS choledochal cyst resection [109]. A recent
publication informed 70 cases with RAS and 70 cases by conventional laparoscopy,
and concluded that RAS choledochal cyst excision and hepaticojejunostomy were
associated with better short-term intraoperative and postoperative outcomes, and
proved the safety and feasibility of RAS in children with choledochal cysts [117].
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The ideal treatment for children with choledochal cyst, nowadays, is MIS,
laparoscopic, through expert pediatric surgeons or RAS, in institutions where
technology is available. But, if one or another situation is not present, the author
recommends continuing with the open approach to offer children the greatest safety
and effectiveness [109].

4.3 Kasai procedure

The Kasai procedure can be ideal for RAS because it is a complex technique, it has
an ideal instrumentation to dissect the hepatic portal and find the portal plate [118]. To
date, there are very few reported cases of Kasai operation for RAS for biliary atresia. The
experience is larger with conventional laparoscopy, especially in Southeast Asian coun-
tries, where the pathology is more frequent than in other latitudes of the world [115].

4.4 Pancreatic pathology

There are very few publications of pancreatic pathology in children treated with
RAS, we find only case reports about: tumor enucleation, distal pancreatectomy,
subtotal pancreatectomy, and pancreaticoduodenectomy. The traditional open sur-
geries have been largely replaced by MIS, including laparoscopic surgery and RAS.

RAS distal spleen-sparing pancreatectomy is safe and feasible in pediatric
patients with insulinoma [119]. Also, robotic enucleation is indicated in small
neuroendocrine tumors of the pancreas. This technique provides the dual benefits
of minimal invasiveness and good preservation of the pancreatic parenchyma. The
experience has demonstrated the feasibility and safety of the RAS enucleation, with
an excellent curative effect for pediatric insulinoma [120, 121].

4.5 Soave pull-through

Hirschsprung’s disease (HSCR) has also been shown to benefit from robotic
surgery, the outcome of totally robotic soave pull-through for HSCR is promising.
This technique is particularly suitable for older HSCR patients, even those requiring
aredo surgery, and represents a valid alternative for HSCR patients. In cases of total
colonic aganglionosis, for the hepatic angle or only recto sigmoid, RAS has been
used and its versatility has been confirmed. The published results are promising,
continence scored from excellent to good in all patients who could be evaluated
in this regard [105]. In the first series of infants less than 6 kg who underwent the
Swenson RAS, morbidity did not increase [122].

4.6 Treatment of duodenal obstruction

Superior mesenteric artery syndrome is a rare condition that results from inter-
mittent functional obstruction of the third part of the duodenum. The diagnostic
criteria are clinical, radiological and endoscopic. The classic approach has been
open surgery [123]. There are case reports of robotic Roux-en-Y duodenojejunos-
tomy as a surgical option for the treatment of this condition [106, 124].

Robotic repair of congenital duodenal atresia may help overcome the obstacles
presented by the use of traditional rigid laparoscopic instruments, due to the
difficulty in constructing a precise duodenal anastomosis, with robotic surgery the
procedure is relatively straightforward [107]. About gastroduodenal obstruction
due to trichobezoar in children and laparoscopy, we found several reports. We
operated with RAS on a 12-year-old girl weighing 23 kg with pica and psychological
disorder, with success and without postoperative morbidity [14].
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4.7 Various procedures in general surgery
4.7.1 Cholecystectomy

Elective robot-assisted cholecystectomy is relatively prevalent in the literature
[13]. Multiport robotic cholecystectomy and single-site robotic cholecystectomy are
the approach options. Robotic cholecystectomy is safe and effective and serves as an
excellent introductory procedure for pediatric surgeons considering the develop-
ment of a pediatric robotic surgery program, useful for training [125].

4.7.2 Splenectomy

Splenectomy remains the mainstay of treatment for the sequelae of pediatric
hereditary hematologic disorders. These conditions can lead to splenomegaly, medi-
cally refractory cytopenias, and dependence on transfusions. Laparoscopic sple-
nectomy is the standard of surgical care. Robot-assisted splenectomy is an option
and is associated with a shorter length of hospital stay compared to laparoscopic
splenectomy [126].

4.7.3 Gynecological surgery

There are case reports and series documenting a variety of robotic gynecologi-
cal surgeries in children with favorable results. Procedures consisted of ovarian
cystectomies, oophorectomies for ovarian masses, and salpingo-oophorectomy for
gonadal dysgenesis [127]. In addition, robotic resection of mature cystic teratoma
and mucinous ovarian tumor. It is an easy and safe technique in selected patients
and also for the treatment of complex gynecological diseases [128]. Surgeries in the
pelvis have a reduced field of work and are ideal for the robotic approach.

4.7.4 Heller’s cardiomyotomy for achalasia

Achalasia is rare in children. Surgical options include open, laparoscopic,
and robotic approaches, and Heller’s myotomy remains the treatment of choice.
Concomitant partial posterior fundoplication is suggested for all patients. Heller’s
robotic myotomy for esophageal achalasia in children has been shown to be safe
and effective. Both laparoscopic and robotic esophageal myotomy are comparable
in their results. However, robotic surgery is superior in terms of avoiding mucosal
perforation, this complication occurred in 16% of patients in the laparoscopic
group [129-131].

4.7.5 Management for anorectal malformations

Anorectal pull-through for anorectal malformations, with the robotic technol-
ogy assists the pediatric surgeon by increasing dexterity and precision of move-
ment. This is important in anorectal malformations surgery, where the dissection of
the fistula and the pull-through of the rectum into the muscular complex are crucial
to achieve continence in future. RAS permits easier closure of the fistula, improves
reconstruction technique, and minimizes trauma to important surrounding struc-
tures, providing better visualization of the muscular complex. Robotic anorectal
pull-through makes use of fundamental concepts learned from decades of high-
anorectal malformation open repair, and combines them with modern advances in
surgical instrumentation and techniques [132].
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5. Thoracic robotic surgery

The global experience in thoracoscopic surgery in children is more than 30 years
compared to robot-assisted thoracic surgery (RATS). The learning curve of thora-
coscopy is longer compared to RAS. Thoracic MIS reduces the risk of thoracic and
spinal deformities after lung resection in children. Lobectomy is one of the robotic
techniques most frequently performed in children [133].

Early publications on RATS in children reported having performed cardiovas-
cular techniques such as patent ductus arteriosus (PDA) closure and vascular ring
section [134, 135]. Le Bret, et al. [134] in 2000, 56 children operated on for PDA
surgical closure, 28 cases with thoracoscopy and 28 cases with robotic approach.
They used the ZEUS robotic surgical system (Computer Motion, Inc., Goleta, CA.
USA). Their results were comparable in both approaches.

Cundy et al. [13], in a systematic search in the literature of reported cases of
robotic surgery in children of 2393 procedures, thoracic procedures accounted for
3.2% (77 surgeries and 12 different techniques), and the conversion rate was 10%
in thoracic procedures. In this report, the five most frequent RATS procedures are:
lobectomy (18), thymectomy (14), benign mass excision (9), diaphragmatic plasty
(8), and malignant tumor resection (5).

There are three series reported with a greater number of cases, each with 11
RATS in children (total 33), in order of frequency the procedures include: tumor
masses resection (8), lobectomy (7), diaphragmatic plication (4), diaphragmatic
plasty (3), esophageal atresia correction (3), bronchogenic cysts resection (3) and
unique procedures of segmentectomy, esophageal duplication resection, pleural and
lung biopsies, gastric tube/esophagoplasty and Heller myotomy. Overall, there were
6 (18%) conversions to open surgery in neonatal patients and (3) 9% postoperative
complications. The neonatal thorax represents the greatest obstacle in the adapta-
tion of the 5 or 8 mm robotic platform instruments [20, 133, 136]. In RATS, children
weighing more than 4 kg are more easily treated [15].

5.1 Pulmonary lobectomy

The most common RATS in children is lobectomy. The first publication on
robotic lobectomy, including pediatric cases, was by Park et al. [137], in 2006. Series
with few cases of segmental lung resections and lobectomies have been published
with excellent results with conversions mainly on the first attempt [14, 15, 133, 136].
Addressing the disadvantages of RATS lobectomy, a prolonged total operative time
was reported, but without having a negative effect, since it did not increase the
postoperative morbidity and mortality of patients [138].

5.2 Congenital diaphragmatic hernia repair

Congenital diaphragm abnormalities, including eventration and Morgagni and
Bochdalek diaphragmatic hernias, have been successfully repaired through the use
of conventional MIS. However, some reports have shown a high recurrence rate for
some defects. Robotic surgery is the alternative to close diaphragmatic hernias more
efficiently [139].

Some authors prefer the thoracic approach to repair Bochdalek’s diaphragmatic her-
nia, but infants weighing less than 2.5 kg are better treated with the abdominal approach.
The author performed one case of Morgagni’s diaphragmatic hernia and another case of
Bochdalek’s diaphragmatic hernia via the abdominal route. Robotic assistance allows the
surgeon to more easily reach this area to suture diaphragmatic defects [139].
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Acquired anomalies, such as diaphragmatic paralysis, can also be resolved
with RATS [14, 139].

5.3 Thymectomy

Radical thymectomy is the comprehensive treatment of myasthenia gravis. The
feasibility and effectiveness of robotic thymectomy is evident in this cohort study
[140]. In addition, performing the “early thymectomy” (performed within a year
of diagnosis) resulted in higher remission rates compared to “late thymectomy”
[141], including minimizing the adverse effects of immunosuppression in pediatric
patients [142].

In recent studies including 49 children, thoracoscopic thymectomy was also
safe for children with juvenile myasthenia gravis (JMG) [143, 144]. Two other
studies with 9 and 18 children, reported the same results [145, 146]. Robotic
thymectomy is a safe procedure, complications were low, and without mortal-
ity. Thymectomy should be offered as a part of multimodal therapy for treating
children and adolescents with acetylcholine receptor antibody-Positive JMG [146].

5.4 Other robotic thoracic procedures

There are RATS publications of other specific procedures, such as tracheopexy
for the treatment of severe tracheomalacia [147], and reports of pediatric cases of
resection of a bronchogenic cyst [148, 149].

6. Oncologic robotic surgery

Presently, the use of MIS in patients with cancer is progressing. However,
the role of MIS in children with solid neoplasms is less clear than it is in adults.
Although the use of diagnostic MIS to obtain biopsy specimens for pathology is
accepted in pediatric surgical oncology, there is limited evidence to support the use
of MIS for the resection of malignancies (solid tumors) in the thorax and abdomen
in children [150].

Open surgery remains the main technique for the resection of solid tumors in
children. RAS offers technical and ergonomic advantages that can make MIS more
achievable in this environment, allowing benefits for both the patient and the sur-
geon. Reduced postoperative recovery time and faster initiation of adjuvant therapy
are the most important benefits for the patient [104].

A systematic search of multiple electronic databases, of 23 publications,
reported 40 cancer cases in total. The indications for surgery were more than
20 different pathologies. One third of the tumors were malignant. Most of the
procedures involved abdominal or retroperitoneal tumors in adolescent patients.
Oncological adverse events were two isolated events, one tumor spillage and one
residual disease. The evidence is limited to case reports and small case series only.
Pediatric cancer surgery is an area of opportunity for robotic surgery. Its technical
challenges create the opportunity to develop robotic approaches that meet the chal-
lenges of complex cancer procedures [151].

6.1 Thoracic tumors
As an anecdote, the robot appears to be well adapted to complex mediastinal

dissection and has been used in excision of left ventricular myxoma [152], and in
excision of complex massive leiomyoma of the esophagus [153]. The robot offered
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excellent visualization and ease of resection. The other case of complex massive
retrocardiac esophageal leiomyoma was successfully removed using RAS. In the lat-
ter case, intraoperative esophagoscopy and transillumination were useful adjuncts
to identify the esophagus and develop a safe extramucosal dissection plane.

There is a publication with five pediatric patients with a mean age of 9.8 years
and weight of 41.5 kg, who underwent robotic resection of a mediastinal thoracic
mass, including a ganglioneuroma, ganglioneuroblastoma, teratoma, germ cell
tumor, and a large inflammatory mass of unclear etiology. The application of RATS
in malignant solid tumors in children in selected cases is an option, but oncological
surgical principles should be applied [154].

6.2 Abdominal tumors

There are mostly individual case reports for robot-assisted abdominal oncologi-
cal surgery in children.

Neuroblastoma is the most common extracranial solid tumor in children
and the most common malignancy in infants. Complete resection is curative
in low-stage disease. Robotic surgery can skeletonize abdominal blood vessels
in the tumor and cut the tumor into pieces, including stage IV retroperitoneal
neuroblastoma [155, 156].

Juvenile cystic adenomyoma is the focal presence of ectopic endometrial glands
and stroma within the uterine myometrium. Another case, a 15-year-old adolescent
girl underwent RAS of a 4 cm cyst, and the uterus was closed in four layers, the
postoperative period was uneventful [157].

Management of rhabdomyosarcoma. A 22-month-old, 8-kg boy with an
embryo-rhabdomyosarcoma in the urinary bladder and prostate, the treatment
was a robot-assisted radical cystoprostatectomy, and the postoperative course was
uneventful [158]. Another application of RAS is in the dissection of retroperitoneal
lymph nodes in selected pediatric and adolescent patients with paratesticular rhab-
domyosarcoma or germ cell tumor of the testicle, a report of a case of each of these
conditions, they were treated with good results. The robotic approach to extended
lymph node dissection is suitable [159].

Robotic partial nephrectomy has been reported in appropriately selected chil-
dren with renal cell carcinoma. However, there are limited reports of laparoscopic
or robotic partial nephrectomy for cancer surgery in children. RAS allows for an
oncologically sound resection of partial nephrectomy, as well as extended lymph
node dissection [160].

Robotic adrenalectomy is an increasingly used procedure in patients with a
variety of surgical adrenal lesions, including adenomas, aldosteronomas, pheo-
chromocytomas, and adrenal gland metastases. Emerging literature also supports
the role of RAS in partial adrenalectomy [161]. With robotic partial adrenalectomy,
successful preservation of adrenocortical function is achieved [162].

RAS is an emerging technique for the treatment of pancreatic neoplasms.
Robotic spleen-preserving distal pancreatectomy for a solid pseudopapillary tumor
in pediatric patient, can be considered in younger patients presenting with a solid
pseudopapillary tumor in the distal pancreas, and its use as an alternative to open
pancreatectomy [163]. A report with 15 adolescents with pancreatic head tumor
treated with MIS. Pancreaticoduodenectomy was performed, 10 cases with con-
ventional laparoscopic surgery and 5 cases with RAS. The pathological diagnoses
were solid pseudopapillary neoplasms (8), neuroendocrine neoplasms (3), intra-
ductal papillary mucinous neoplasm (1), cystic fibroma (1), serous cystadenoma
(1), Ewing’s sarcoma (1). Six patients presented postoperative complications. The
median follow-up was 37 months. The patient with Ewing’s sarcoma was diagnosed
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with liver metastasis 41 months after surgery and died 63 months after surgery. All
other patients survived without a tumor [164].

Robotic gynecological surgery in girls with ovarian disease, the ideal is to main-
tain the morphology of the ovary, which is beneficial for the recovery of postopera-
tive ovarian function, especially in benign diseases. In centers where robotic surgery
is available, ovarian tumors are a suitable entry procedure [128].

Robotic surgery can also be used in supportive care in pediatric oncology includ-
ing placement of gastrostomy tubes and ovarian transposition [104].

The fundamental oncological principles of no tumor spillage and total resection
of tumor margins can be adhered to by RAS; a specific concern being the lack of
haptics having an impact on the surgeon’s ability to differentiate cancerous from
healthy tissue. However, it has been noted that the loss of tactile feedback is, very
well compensated for by the excellent optical system [158]. Cancer patients are nec-
essarily followed for recurrences, and only long-term prospective studies of robotic
resections can guarantee adherence of the RAS to oncological principles.

Contraindications in children for MIS in tumors, including robotic surgery, are
large or fragile tumors that carry a high risk of fracture and tumor spillage, signifi-
cant adhesions from previous operations, and significant deterioration of respira-
tory or cardiovascular physiology [104].

7. Otorhinolaryngology

Pediatric robotic surgery has been used least frequently in otorhinolaryngol-
ogy [72]. Until now, the majority of RAS applications in otorhinolaryngology is a
transoral approach, particularly useful in masses of the base of the tongue. Open
surgery can facilitate access to the oropharyngeal region, including the base of the
tongue, but can lead to the morbidity of splitting the lip and jaw or require pharyn-
gotomy. As a result, the robotic transoral approach is being used [165]. In the near
future, we believe that transoral robotic surgery may become the gold standard.

In a publication of pediatric cases of robotic transoral surgery, with 41 patients,
with age between 2 months and 19 years, the techniques were, lingual tonsillecto-
mies (16), lingual and lingual based tonsillectomies (9), 2 malignant diseases in the
oropharynx (high-grade undifferentiated sarcoma and biphasic synovial sarcoma),
a thyroglossal duct cyst at the base of the tongue, laryngeal cleft cysts (11), a
posterior glottic stenosis, and a surgery for congenital true vocal cord paralysis.

A minor intraoperative complication occurred. No patient required postoperative
tracheostomy. Conversion index was 9.8% [166].

8. Author’s experience in robotic surgery

From March 2015 to January 2021, since the beginning the prospective regis-
try of the casuistry has been carried out. We have performed 258 robot-assisted
laparoscopic and thoracoscopic surgeries (RALTS) in 227 patients (224 children
and 3 adults), in a public hospital and two private hospitals in Mexico City. The
demographic data of the patients are, in relation to gender, 52.4% male and 47.6%
female. The average and range of age, weight and height of the patients were, age
79.5 months (2 to 204), weight 26.8 kg (4.4 to 102) and height 114.5 cm (55 to 185),
the smallest patient was 2 months old, 4.4 kg in weight and 57 cm in height, a left
pyeloplasty was performed. The adult patients were 31, 63 and 64 years old.

We grouped our RALTS into gastrointestinal-hepatobiliary 123 (47.68%),
urological 117 (45.35%), thoracic 10 (3.87% and oncological 8 (3.1%). We have
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performed 46 different techniques, globally our conversion rate is 3.1%, the
hemotransfusion rate is 4.2%, the mean postoperative stay is 2.5 days, and the mean
follow-up is 40 months.

From the group of gastrointestinal-hepatobiliary robotic surgery, in order of
frequency, the techniques performed were: primary fundoplication 50 (41.67%),
redo fundoplication 20 (15.83%), gastrostomy 17 (14.16%), cholecystectomy 14
(11.67%), biliodigestive 7 (5%), being 5 resections of choledochal cysts with hepati-
cojejunostomy, a Kasai operation and a hepaticojejunostomy to manage the lesion of
the left hepatic duct. Splenectomy 6 (5%), Malone operation 2 (1.67%) and various
techniques 7 (5%), of single cases, duodenoplasty and adhesiolysis, gastric tricho-
bezoar extraction, drainage of recurrent retrohepatic abscess after appendectomy,
gastric antrum membrane resection, gastrojejunostomy de-derivation, and Ladd’s
Cure. In this group of gastro-intestinal-hepatobiliary robotic surgery, the conver-
sion rate was 3.25%, intraoperative complications 1.6%, and postoperative compli-
cations 4%. In this group of RAS 14 different techniques were performed.

From the robotic urological surgery group, in order of frequency, the techniques
performed were: pyeloplasty 26 (22.2%), ureteral reimplantation 21 (17.94%),
nephrectomy 20 (17.1%), Mitrofanoff operation 8 (6.8%), nephroureterectomy
7 (6%), ureterostomy de-derivation and ureteral neo-reimplantation 5 (4.3%),
nephro-cystolithotomy 5 (4.3%), varicocelectomy 5 (4.3%), release of extrinsic
UPJ obstruction 4 (3.4%), inguinal hernioplasty 3 (2.56%) and various techniques
13 (11.1%) of single cases, ureteroureterostomy, augmentation cystoplasty, blad-
der neck closure, heminephroureterectomy, perirenal abscess drainage, colostomy
closure, enterovesical fistula closure, Mitrofanoff review, ureterostomy and ure-
teropyelography, bilateral gonadectomy, duplicated ureter ureterostomy, hystero-
salpingectomy, bladder wall biopsy. In this robotic urologic surgery group, the
conversion rate was 0.85%, intraoperative complications 0.85%, and postoperative
complications 1.7%. In this group of RAS 20 different techniques were performed.

In the robotic thoracic surgery group, in order of frequency, the techniques
performed were: lobectomy 4 (40%), diaphragmatic plication or plasty 4 (40%), a
bronchogenic cyst resection (10%) and a pleural biopsies (10%). In this robotic tho-
racic surgery group, the conversion rate was 20% and postoperative complications
10%. In this group of RAS 5 different techniques were performed.

In the robotic oncological surgery group, the techniques performed were
adrenalectomy 2 (for adenoma and another for pheochromocytoma) and single
techniques of, anterior mediastinal teratoma resection, Ewing tumor resection,
Wilms tumor stage 3 resection in horseshoe kidney, partial gastrectomy for
carcinoid tumor, retroperitoneal lipoma resection and conservative resection of
ovarian cyst. In this robotic cancer surgery group, the conversion rate was 12.5%,
and there were no complications. In this group of RAS 8 different techniques were
performed. The cases of adult patients were pheochromocytoma, adrenal adenoma
and carcinoid tumor.

Previously, we published our experience with RALTS, the first 186 surgeries
[14], the first 4 cases of choledochal cyst resection [109], redo Nissen fundoplica-
tion [114] and in thoracic surgery [133].

9. Implementation of a pediatric robotic surgery program

9.1 Planning

The success of a pediatric robotic surgery program (PRSP) depends on a well-
structured plan. Implementing a PRSP requires institutional support and requires a
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comprehensive, detail-oriented plan that takes into account training, supervision,
cost, and cases volume. Given the lower prevalence of robotic surgery in children, in
many cases it may be more feasible to implement pediatric robotic surgery within an
adult robotic surgery program. The pediatric surgery team determines its goals for
volume expansion, surgical case selection, surgeons training, and surgical innova-
tion within the specialty. In addition to the clinical model, a robust economic model
that includes marketing must be present, especially in private hospitals [167].

9.2 Development of the program

The development of a robotic surgery program is associated with significant ini-
tial costs due to the initial investment in the robotic surgical system [168]. Adequate
surgical volume is essential for both feasibility and ensuring adequate results for
patients [64]. The surgeon should start with less complex index cases and gradually
progress to more advanced reconstructive procedures with growing experience [61].

Less complex cases, such as a fundoplication, are excellent robotic training cases
not only for surgeons and anesthesia personnel, but also for technical and nursing
personnel assisting in the operating room [169].

Additionally, robotic cholecystectomy is a suitable procedure for first few
surgeries when pediatric surgeons are beginning robotic surgery [125]. It is impera-
tive to have a core group of specific personnel familiar with robotic procedures to
increase efficiency. Adequate and systematic performance of the entire team in
simple cases, then translates into better performance in more complex cases.

It is estimated that approximately 100 cases are required to obtain consistent
results in pediatric robotic surgery cases by a surgical team [167]. The learning
curve for each procedure varies, but is shorter than with laparoscopy, for example
for robotic pyeloplasty there are 15 to 20 cases, to obtain similar results and surgi-
cal success [170]. Experience shows that in complex or reconstructive techniques,
surgeons using the open approach switch to the robot-assisted approach, such as
pyeloplasty, ureteral reimplantation, biliodigestive and pulmonary lobectomy,
among others.

9.3 Robotic pediatric surgery team

There are three main actors involved in the implementation of a pediat-
ric robotic surgery program: i. Surgeons and anesthetists, ii. Nurses and iii.
Administration [168].

Successful robotic surgery is mentioned as requiring four elements, i. Good
understanding of the surgical procedure, ii. Excellent surgical skills, iii. Frequent
teamwork training, and iv. Trocar placement [171]. Adequate surgical volume is
critical both for feasibility and to ensure good patient outcomes. Cases should be
performed once a week to maintain surgical skill and advance to more advanced
reconstructive procedures.

There has been a growing role for simulation and surgical training. Currently,
the robotic surgery simulators available for training are the Mimic and da Vinci
simulators. The simulators evaluate the skills in the different tasks that the surgeon
performs. It is desirable that surgeons have previous experience in conventional
laparo-thoracoscopy.

9.4 Training, accreditation and credentialing

Training and accreditation. In the present, the certification process to be a
robotic surgeon depends on the manufacturer. Intuitive Surgical (Sunnyvale, CA,
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USA), the manufacturers of the da Vinci Surgical System, have a separate training
program that takes surgeons from console setup to the monitoring phase for initial
cases with support from a proctor.

This process should be more structured and create a curriculum for robotic
surgeons, this is essential for the training and objective evaluation of future robotic
surgeons. Defining results, specific training tasks and their validation; as well as,
establishment of measurements and approval criteria to improve the quality of
robotic surgery should be included in the plan [172]. Academic organizations and
hospital institutions can lead the implementation of a structured curriculum.

An accreditation proposal for the robotic surgeon is the following; After the
intuitive surgery training program (step 1), then do the first five cases with a
co-surgeon (step 2), who has the dual role of preceptor and supervisor, assesses the
surgeon who is learning and also imparts new skills and takes control of the opera-
tive case if the clinical situation warrants it (the tutor allows the trainee to gain
robotic experience safely in the first index cases). This is followed by 6 to 10 cases in
which the tutor / supervisor is a bedside assistant (step 3). The preceptor/supervisor
reports the findings to the Institution’s Robotics Committee on the skills and prog-
ress of the trainee, evaluating whether the independent practice can be continued
by the surgeon (step 4), based on the favorable evaluation of the preceptor [167].

The author’s experience supports this accreditation proposal so that the learning
curve of the surgeon, who is starting his foray into robotic surgery, is a satisfactory
experience for him, and the patient is offered the greatest security from the stage of
the curve of learning.

9.5 Program information data log

Data collection is very important. Collecting, analyzing, and presenting data
prospectively to Institutional colleagues, at a minimum, allow objective analysis of
results for comparative studies against other approaches, as well as to publish them.

10. The future of robotic surgery in children

Recently, the Senhance Robotics System (Transenterix, Morrisville, NC) has
begun offering 3 mm instrument sizes, which could make robotic surgery more
technically feasible for even the smallest pediatric patient. Although not currently
approved for use in pediatric surgery, the Transenterix platform, was evaluated in
an experimental study where surgeons were able to successfully perform intracor-
poreal and knotted sutures in body cavities as small as 90 ml, and the instruments
could be inserted directly without the need for ports, reducing the required dis-
tance between ports [5]. This Transenterix platform has haptic feedback.

With advancing technology and the demand for more compact robotic plat-
forms, the future for robotic surgery will doubtlessly result in a reduction of
instrument size and an improvement in haptic feedback. This puts the pediatric
patient in particular, the newborn at the forefront. Reconstructive surgery such
as esophageal and intestinal anastomosis, all of which require a delicate and more
magnified approach will benefit enormously from these advances. The pediatric
and neonatal patient must be at the forefront of research into the future of robotic
surgery [173].

We are at a dawn of a new age in surgery, as we witness the dramatic growth in
robotic surgery. The proliferation and commercialization of new robotic surgical
systems over the next few years will drive competition, lower cost, and accelerate
the adoption of these technologies [174].
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Artificial intelligence. More sophisticated systems will track the surgeon’s move-
ments and patient data and synchronize with outcomes data to provide us with
early warning systems for complications. One more interesting aspect is how these
systems will participate in the surgical decision-making process in real time. We
are already gathering data on tissue perfusion, helping us decide on the appropriate
location for an anastomosis. Additionally, using artificial intelligence, real-time
data will be collected from many sources, including electronic medical records,
anesthesia monitoring systems, video images, and surgeon data for making deci-
sions that we will increasingly rely on [174].

Digital surgery (Surgery 4.0), the next frontier of surgery, is defined as the con-
vergence of surgical technology, real-time data and artificial intelligence. Following
previous waves of disruption, which saw the transition from open (Surgery 1.0)
to laparoscopic surgery (Surgery 2.0), and from laparoscopic surgery to robotic
surgery (Surgery 3.0), the digital paradigm in surgery is bringing unprecedented
changes to the century-old field. The power of linked data and advancements in
artificial intelligence are beginning to make a real impact in the way surgeries are
performed, reducing well-documented variability in surgical process and outcomes.

Companies, investors, surgeons and health systems are racing to accelerate the
digitization of surgery in order to dramatically improve patient outcomes whilst
reducing cost and inefficiencies; improve patient access; reduce inequities between
populations; improve quality; and deliver more personalized surgical care, and the
digital surgery is the next apex in surgery [175].

Verb Surgical is building a digital surgery platform that combines robotics,
advanced visualization, advanced instrumentation, data analysis, and connectivity.
Surgery 4.0 or digital, which seeks to achieve less invasive and smarter interven-
tions, “marks the beginning of a true democratization of the discipline”. The Verb
Surgical platform will be an option in the near future of digital surgery [175, 176].

11. Conclusions

In this chapter, in relation to robot-assisted surgery, its definition, characteris-
tics, advantages, benefits, limitations and applications in children are addressed.
Aswell as, the surgical areas of its application in the pediatric population, which
include urological, general, thoracic, oncological and otorhinolaryngological
surgery.

To date, there are multiple publications that demonstrate that robotic surgery
in children is safe and effective, and it is important to offer children its benefits.
However, a frequent conclusion of published studies on robotic surgery in children
is the impossibility of carrying out comparative studies with all the scientific rigor,
which makes it impossible to reach solid conclusions about the advantages and
benefits in the pediatric population.

Robotic surgery preferably applied to difficult and complex cases adds value to
patient care, and is an important balancing factor against the apparently higher cost
(main drawback), compared to open and laparo-thoracoscopic surgery.

The author included his results in pediatric robotic surgery, which compared to
other series of similar published cases; the experience is favorable and encouraging.
Globally, to date, few pediatric surgeons have adopted the robot-assisted sur-
gery, as opposed to more pediatric urologists who have benefited more children. To

date, in malignant tumors in children, robotic surgery has been applied less.

Recommendations for the implementation of a pediatric robotic surgery pro-
gram are included. With robotic assistance, it is important to mention that the
learning curve is shorter than with laparo-thoracoscopic surgery. It is necessary for
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each institution to establish the curriculum for the accreditation and credentialing
of the robotic surgeon. A proposal is included.

The future will be fascinating with upcoming advancements in robotic surgical
systems, the use of artificial intelligence, and digital surgery.
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Abstract

In the last two decades, robotic-assisted approaches have gained popularity as
alternatives to conventional open and minimal-invasive surgery (MIS). The robotic
approach combines the concepts of the traditional MIS with the latest technological
advancements, enabling the surgeon to control the instrumentation using a robotic
device connected to a remote console. With this approach, the surgeon obviates
the known drawbacks of conventional MIS, such as the reduced in-depth percep-
tion and hand-eye coordination. Since its introduction, numerous robotic-assisted
procedures have been developed and tested across nearly all surgical fields. Data
from previous studies have shown that a great majority of these techniques are fea-
sible and have favourable treatment outcomes. In the field of thoracic and vascular
surgery, two disciplines often combined in Belgium, robotic approaches have been
implemented in the treatment of a wide array of disorders including lung cancer,
mediastinal tumours, thoracic outlet syndrome, diaphragmatic paralysis, sympa-
thectomy, aortobifemoral bypass surgery and division of the arcuate ligament for
median arcuate ligament syndrome (MALS). Despite this increasing popularity,
there are still a number of controversies regarding robotic surgery. There are only
limited data on the cost-effectiveness of robotic surgery and its objective proven
benefit over conventional MIS. In this review, we summarise the latest data on
robotic approaches for the most relevant thoracic and vascular disorders.

Keywords: Robotic surgery, Minimal-invasive surgery, Thoracic surgery,
Vascular surgery, RATS, VATS, RAAS

1. Introduction

The advent of minimally invasive surgery (MIS) has clearly changed the land-
scape for surgical practice worldwide. By combining multiple technological devel-
opments such as high-definition cameras and surgical microinstruments, surgeons
are able to perform more and more complex procedures through small incisions
[1]. Since the introduction of MIS, safe and feasible laparoscopic and thoracoscopic
surgical procedures have been developed for a large variety of operations. For
the majority of these procedures, studies have shown that the minimal-invasive
approach results in fewer complications, reduced hospital stays, and faster return
to normal functions compared to their respective open approach [2, 3]. However,
despite these clear advantages of MIS, there are a number of drawbacks as well.
Proficiency in MIS requires intensive, continuous training and often involves steep
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learning curves for surgeons in training. Despite their training, the surgeons are
often confronted with a number of drawbacks such as poor depth perception,
reduced spatial coordination due to the two-dimensional optics, a lack of instru-
ment flexibility, reduced force feedback while manipulating tissues, and counter-
intuitive movements [4, 5]. In addition, surgeons are often exposed to physical
strains from standing in non-comfortable positions for extended periods of time.
These difficulties can significantly amplify the complexity of surgical procedures
and their outcome.

In more recent years, robotic-assisted surgery has emerged as a new minimal-
invasive approach to surgery, integrating current technological advancements in
‘traditional’ MIS. The concept of robotic-assisted surgery is to enable the surgeon
to control the laparoscopic/thoracoscopic instrumentation through a robotic device
that is connected to a remote console. Using this technology allows for three-
dimensional optics, enhanced range of intuitive instrument motions (even more
than the normal open situation), and improved ergonomics [3, 6]. This type of
robotic-assisted surgery first gained prominence in the field of urology, mainly for
performing radical prostatectomy and complex bladder operations [7]. Since its
introduction, the applications for surgical robots has expanded into almost all surgi-
cal fields, resulting in its current wide-scale use. For thoracic and vascular surgeons,
a growing number of studies have shown that robotic-assisted surgery is feasible
and results in favourable outcomes as well [4, 8]. These benefits have mainly been
shown in the field of mediastinal tumours and lung cancer surgery, however, the
efficacy of robotic-assisted surgery has also been proven for other thoracic and
vascular procedures such as first-rib resection, sympathectomy, diaphragmatic
paralysis, median arcuate ligament release, and aorto/ilio-femoral bypass surgery
for occlusive disease [4, 9].

Despite these advantages and the increasing popularity of these robotic-assisted
approaches, there are still controversies regarding the implementation and the
use of these approaches, such as the generally high operating costs, lack of haptic
feedback, the size of the system, and longer total operative times due to installa-
tion of the robotic system [7, 10]. Furthermore, there is a lack of definite data from
large prospective studies comparing short-term and long-term outcomes of open
surgery with ‘traditional’ MIS and robotic-assisted surgery in all aspects, including
the ergonomics for the surgeon. Nevertheless, these studies are necessary to truly
demonstrate the effectiveness and superior outcomes of these emerging surgical
approaches. In this chapter review, we summarise the latest data on surgical tech-
niques and treatment outcomes for robotic-assisted thoracic and vascular surgery.

2. Robotic-assisted thoracic surgery

In the field of thoracic surgery, video-assisted thoracoscopic surgery (VATS)
remains the gold standard approach for thoracic surgery, and it is performed for
almost all thoracic surgical indications [4]. In the last few years, robotic-assisted
thoracoscopic surgery (RATS) has gained popularity as alternative to VATS due to
the flexibility of its endo-wrist instruments, the three-dimensional visualisation,
and the more precise and intuitive movements [1, 11]. The majority of studies
comparing RATS to VATS and/or thoracotomy have been performed in the field of
thoracic oncology, in which the benefits of RATS have already largely been estab-
lished [12]. However, there is an increasing amount of studies that show similar
benefits of RATS in other (non-oncological) thoracic surgical procedures [13]. In
this section, we will highlight and review the most commonly performed oncologi-
cal and non-oncological RATS procedures.
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2.1 Lung cancer surgery

Lung cancer is worldwide the most common malignancy and one of the lead-
ing causes of cancer-related deaths [14]. Despite the widespread implementation
of measures mitigating tobacco use, an overall increase in new cases of non-small
cell lung cancer (NSCLC) has been noted, mainly due to rising incidence rates in
developing countries [15]. The majority of these new lung cancer cases are diag-
nosed during advanced stages, resulting in low overall five-year survival rates [14].
In these advanced stages, treatment modalities are limited and have minimal effects
on overall and disease-free survival. However, due to advancements in diagnostic
techniques and imaging modalities, an increasing number of NSCLCs are being
detected at earlier stages of disease [16]. In the near future, the number of newly-
diagnosed early stage lung cancers will likely increase due to the implementation
of lung cancer screening programmes. The NELSON-trial and the NLST-trial have
both shown that screening patients with high-risks of developing lung cancer with
low-dose chest computed tomography (CT) scans results in significantly lower
mortality rates due to earlier cancer detection [17, 18].

For early-stage NSCLC, the gold standard remains surgical management by
means of lobectomy with hilar and mediastinal lymph node dissection [19, 20].
Currently, VATS lobectomy is the technique of choice for this procedure as several
large-scale studies have shown that VATS results in fewer perioperative compli-
cations, less pain, and faster recovery times compared to the traditional open
approach [21, 22]. However, in the last decade, RATS has been gaining popularity as
a minimal invasive approach due to its ability to overcome the previously described
drawbacks of conventional VATS [12]. Despite a lack of well-powered randomised
controlled trials comparing RATS to VATS or open surgery for the treatment of
(early stage) lung cancer, a growing body of literature has demonstrated a clear
advantage of lobectomy by RATS over thoracotomy regarding perioperative blood
loss, postoperative analgesia need, postoperative recovery, hospital length of stay
(LOS), and 30-day mortality rates [13]. In contrast, results from studies comparing
RATS to VATS are less conclusive and, often, contradictory. In a recent meta-analy-
sis of 3239 patients comparing RATS to VATS, a lower 30-day mortality and conver-
sion rate to open surgery was seen in favour of RATS [23]. Similar studies have also
shown improved survival rates, fewer postoperative complications, and shorter
hospital stays for RATS compared to VATS [24]. However, in a propensity-matched
analysis by Oh et al., no difference in mortality was detected between VATS and
RATS [25]. Similarly, no significant difference in survival was found in the database
analysis of the Society of Thoracic Surgeons (STS) which included 1220 RATS and
12378 VATS lobectomies [26].

Regarding oncological outcomes, only a limited number of studies have been
performed comparing RATS to open surgery and/or VATS. There is evidence sug-
gesting that RATS results in increased rates of nodal upstaging and yields higher
numbers of nodal stations sampled. However, in a recent data analysis by Hennon et
al., 64,676 patients with NSCLC from the National Cancer Database (NCDB) in the
USA were analysed for lymph node yield and nodal upstaging. The results of their
study did not show any significant difference between the three approaches. The
authors concluded that both RATS and VATS are non-inferior to open thoracotomy
for intraoperative lymph node evaluation [27]. In addition to the possible benefits
regarding treatment and oncological outcomes for lobectomies, an increasing num-
ber of experts are advocating for the use of RATS in sublobar resections. For elderly
patients, patients with comorbidities, or patients with limited pulmonary reserve,
sublobar resections such as wedge resections and segmentectomies have been
proposed as viable alternatives [11, 28]. Despite efforts to compare the oncological
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and survival outcomes of sublobar resections to lobectomy, there is still no clear
consensus on whether sublobar resections are indeed non-inferior to lobectomy.
Some authors suggest that sublobar resections result in lower overall survival rates,
higher positive resection margins, higher recurrence rates, and inadequate lymph
node sampling [29]. However, there is a growing number of studies suggesting that
segmentectomy has similar overall and disease-free survival rates as lobectomy
[30]. Furthermore, sublobar resections have also been associated with improved
postoperative quality of life (QoL) [16]. For robotic segmentectomy, the current
data suggests that treatment outcomes and complication rates are similar to VATS.
In a recent retrospective study by Xie et al., 215 patients that underwent atypical or
anatomical segmentectomy by RATS or VATS were analysed for short-term treat-
ment outcomes. The authors concluded that RATS was a safe approach and even
resulted in higher lymph node sampling rates and fewer postoperative complica-
tions compared to VATS [31].

Even for treating centrally located NSCLC lesions, emerging evidence is sug-
gesting that RATS may play a major role in the near future. A recent retrospective
study by Qiu et al. compared treatment and oncological outcomes of RATS to
VATS and open surgery in 188 patients undergoing sleeve lobectomy for centrally
located NSCLC. RATS was non-inferior to both VATS and open surgery regarding
oncological prognosis. However, the robotic group had significantly less blood loss,
shorter operative times, and reduced tube drainage times compared to the two other
groups. The authors concluded that robotic sleeve lobectomy is a safe, feasible and
effective procedure for centrally located NSCLC [32]. Despite all these promising
studies, these findings have not been demonstrated in large prospective series or
randomised controlled trials (RCT).

2.2 Mediastinal masses

Mediastinal masses in the anterior, middle or posterior compartment are a
heterogeneous group that account for approximately 3% of all thoracic lesions. The
most common mediastinal masses are thymomas, bronchogenic cysts, neurogenic
tumours, and thyroid masses. These lesions derive from different germ layers
located in various parts of the thoracic cavity [33]. In the past, surgical removal
of these mediastinal masses was generally performed using a median sternotomy,
posterolateral thoracotomy, or hemi-clamshell sternotomy, often resulting in
significant postoperative morbidity [34]. However, the increasingly widespread
use of minimal-invasive approaches in other surgical domains has resulted in a
similar shift in treatment approaches for mediastinal tumours [35]. Thoracoscopic
thymectomy was first described in 1993 and VATS has since become one of the
standard approaches for thymic and non-thymic malignancies [35]. Earlier stud-
ies have shown that VATS is associated with less perioperative blood loss, shorter
operation times, and less chest tube drainage compared to open procedures [36].
In the past two decades, robotic surgery has gained popularity in the treatment
of mediastinal masses as well. Similar to the situation for lung cancer surgery,
RATS has advantages over conventional VATS due to its three-dimensional image
and multi-articulated instruments, providing easy access to the small mediastinal
space and allowing safe removal of mediastinal masses [37, 38]. While comparisons
of treatment outcomes and postoperative complications between open and MIS
approaches have been performed before, few studies have directly compared VATS
to RATS for mediastinal masses.

In a retrospective study by Qian et al., 123 patients with early-stage thymoma
were analysed to compare treatment outcomes for VATS, RATS, and median ster-
notomy. The authors concluded that RATS and VATS are both feasible techniques
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for early-stage thymomas with similar oncological outcomes compared to open
surgery. However, their data did show more favourable outcomes for RATS regard-
ing post-operative pleural drainage duration time, drainage volumes, and hospital
LOS [39]. Other recent studies have corroborated these findings as well. Zeng et al.
retrospectively analysed 274 patients that underwent multiportal VATS, uniportal
VATS, or RATS resection of a mediastinal mass. Compared with multiportal VATS,
uniportal VATS and RATS had a significantly shorter chest tube placement time
and hospital LOS without increasing the incidence rate of complications. The RATS
approach was associated with better intraoperative safety and was considered
non-inferior regarding postoperative outcomes compared to multiportal VATS [40].
In a very recent retrospective cohort study using the National Inpatient Sample
(NIS) database, an estimated total of 23,087 patients that underwent thymectomy
were included to compare outcomes after open, VATS, and RATS thymectomy. The
majority of patients were treated for thymoma or myasthenia gravis, with approxi-
mately 16,025 patients (69%) in the open surgery group, 4,119 (18%) in the VATS
group, and 3,097 (13%) in the RATS group. In the analysed period of 2008-2014,
trend analysis revealed a decline in open surgery, while the performance of VATS
and RATS had increased. No significant differences in overall complication rates or
hospital LOS were found in this study. However, RATS was associated with lower
rates of cardiac complications and haemorrhage [41]. Even for the rarer posterior
mediastinal tumours, recent data suggests that RATS may be superior in terms of
postoperative blood loss and hospital LOS compared to VATS [4].

2.3 First rib resection

Thoracic outlet syndrome (TOS) is a complex disorder that comprises a myriad
of possible symptoms which arise from compression of the brachial plexus, subcla-
vian artery, and/or the subclavian vein. This compression generally occurs in the
triangular space referred to as the thoracic outlet, which is located between the first
rib, the clavicle, and the scalene muscles [42]. The majority of patients with TOS
can be treated with non-surgical measures such as medication, posture correction,
physical therapy, or taping. However, in a relatively small number of patients, these
conservative treatments fail to alleviate the symptoms, often resulting in significant
morbidity [43]. In these patients, or when vascular structures are involved, surgi-
cal decompression with removal of the first rib is usually necessary. Over the last
decades, several types of surgical approaches and techniques have been described.
Historically, extrathoracic approaches have used a supraclavicular or transaxillary
incision to resect the first rib. Despite their well-documented effectiveness, many
authors have asserted that these approaches are regularly associated with complica-
tions such as brachial plexus injury or vascular injury [44].

The intrathoracic approach using VATS has been the most popular approach in
the last decade, owing to the theoretical advantage of fewer postoperative neuro-
vascular complications and incomplete resections [45]. In recent years, the robotic-
assisted approach has rapidly gained ground as a viable alternative to VATS due to
its superior optics and instrument control [44]. However, this remains a relatively
new field with only a limited number of studies published reporting outcomes of
RATS first rib resections. Data from retrospective studies and case series from the
last decade suggests that the robotic approach is safe, effective, and non-inferior to
the VATS approach [46]. In a recent single-center, prospective study by Burt et al.
RATS first rib resection was compared to the conventional supraclavicular approach
in 116 patients (66 RATS and 50 open surgery). Postoperative pain and analgesia
need was significantly lower in the robotic approach group. Furthermore, RATS
was associated with fewer cases of brachial plexus palsy and overall complication
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rates [47]. Despite these promising results, there is still a lack of data from larger,
prospective studies comparing RATS, VATS, and open approaches for first rib
resections.

2.4 Sympathectomy

Presently, hyperhidrosis is the main indication for sympathectomy, which can
be performed through various surgical approaches, such as the posterior thoracic
approach, transaxillary approach, transthoracic approach, VATS approach, and
RATS approach. The sympathectomy itself is usually performed by ganglionectomy,
clipping, or ablation of the dorsal sympathetic chain [48]. The extent to which
the sympathectomy is performed is a controversial subject as it is correlated to the
incidence of complications. More extended sympathectomy has been associated
with higher rates of compensatory hyperhidrosis. Despite a lack of clear guidelines,
the general consensus is to perform an interruption of T3 and T4 for palmar hyper-
hidrosis, and interruption of T4 and TS palmar and axillary or palmar, axillary, and
pedal hyperhidrosis [49].

A more precise variation of this technique is the selective postganglionic sympa-
thectomy, which involves an interruption of only the postganglionic rami, leaving
the sympathetic trunk and ganglia intact. The branches accompanying intercostal
nerves 2—4 to the upper extremities are interrupted selectively [50]. Previous
studies have shown that this technique of selective postganglionic sympathectomy
has success rates up to 95% with only minimal rates of compensatory hyperhidrosis
[51]. Only limited data is available regarding robotic selective sympathectomy.
However, data from single-institution case series have shown that robotic-assisted
selective (postganglionic) sympathectomy is a safe technique with favourable
results [52, 53]. In a recent prospective case series by Gharagozloo et al., a total of 47
patients underwent two-staged bilateral robotic selective dorsal preganglionic and
postganglionic sympathectomy. Their data showed excellent relief of hyperhidrosis,
and minimal rates of compensatory hyperhidrosis and complications. The authors
used a two-staged approach to allow the transient compensatory hyperhidrosis to
dissipate and to obviate postoperative thoracic pain due to the use of robotic ports
[48]. Despite a lack of larger prospective and randomised trials, the current evi-
dence suggests that the robotic-assisted approach has the potential of accomplishing
hyperselective sympathectomy with accuracy and minimal rates of compensatory
hyperhidrosis and complications such as Horner’s syndrome.

2.5 Diaphragmatic plication

Diaphragmatic paralysis is an uncommon condition that is characterised by
elevation of a hemidiaphragm. If symptomatic, patients often experience dyspnoea
during exercise, orthopnoea, fatigue, insomnia, and an overall reduced quality
of life. In adult patients, the most common causes of diaphragmatic paralysis are
idiopathic, tumour invasion of the phrenic nerve, or damage to the phrenic nerve
during cardiothoracic surgery [54]. Surgical treatment is indicated exclusively for
symptomatic patients, and the preferred surgical technique is (hemi)diaphragmatic
plication [55]. The traditional method is the open transthoracic plication, and is still
widely used today. However, an increasing number of surgeons are moving towards
less invasive approaches such as laparoscopy or thoracoscopy. VATS diaphragm
plication has already demonstrated to be a safe and feasible technique for symptom-
atic patients [56, 57]. However, technical difficulties due to the limited workspace
in the thorax and the elevated hemidiaphragm often lead to the adoption of a
(mini)thoracotomy. Robotic-assisted surgery offers all the benefits of MIS while
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simultaneously providing the surgeon the same dexterity as the open approach.
Several case studies and small case-series have reported excellent outcomes with the
robotic approach for diaphragmatic plication [58, 59]. However, robust and conclu-
sive data regarding long-term outcomes are still missing.

3. Robotic-assisted vascular surgery

In the last few decades, the field of vascular surgery has changed dramati-
cally with the introduction of endovascular surgery. There has been a significant
paradigm shift towards these endovascular approaches for the treatment of a wide
array of venous and arterial diseases [8]. However, despite the fact that many
vascular surgeons have been willing to embrace innovative, minimally-invasive
techniques, the implementation of laparoscopic vascular surgery has only been a
relatively minor success. This has mainly been due to the difficulties associated with
laparoscopic vascular surgery such as the suturing of vascular anastomoses and
long clamping times [9]. Furthermore, for an increasingly large number of proce-
dures, an endovascular technique has been developed. However, with the advent of
robotic-assisted approaches, new opportunities have risen for vascular surgeons,
especially for disease states that are not amenable to endovascular interventions and
for which current approaches are technically challenging or associated with signifi-
cant morbidity. In this section, we will discuss the latest data regarding indications
and outcomes of robotic-assisted vascular surgery.

3.1 Median arcuate ligament release

Median arcuate ligament syndrome (MALS) is caused by compression of the
celiac artery and plexus by the median arcuate ligament of the diaphragmatic crura
[60]. In a normal population, the median arcuate ligament crosses the aorta anteri-
orly above the celiac origin between levels T11 and L1. However, in approximately
12-49% of the population, an anatomic variant exists in which the ligament passes
inferiorly, causing compression of the celiac artery and ganglion. The majority of
patients with this anatomical variant are asymptomatic due to a rich network of
collateral vessels between the celiac and superior mesenteric arteries. However, a
number of patients do develop symptoms despite the presence of collateral arteries,
frequently presenting with a variety of abdominal symptoms including nausea,
vomiting, postprandial epigastric pain, and weight loss [61]. Over the years, several
different interventions have been proposed for symptomatic MALS using different
approaches such as open surgery, laparoscopic surgery, endovascular angioplasty,
or hybrid procedures combining laparoscopic and endovascular techniques [60].
Surgical release of the extrinsic compression caused by the median arcuate ligament
remains the mainstay of therapy, with overall success rates ranging from 53 to 79%
and a majority of patients reporting rapid postoperative symptom relief [62].

In more recent years, the robotic approach has been gaining popularity due to
its technical advantages over conventional laparoscopic surgery. In 2007, Jaik et
al. were the first to report a robotic-assisted MALR [63]. Since then, several other
case series have been published. In a case series of 13 patients, Khrucharoen et al.
analysed outcomes symptomatic patients undergoing robotic-assisted MALR. The
authors found that robotic-assisted MALR is safe and feasible in selected patients
an may be associated with reduced operative times [61]. In a follow-up study by the
same group, laparoscopic and robotic-assisted MALR were compared for short- and
intermediate-term clinical outcomes. In their retrospective study, a total of 34
patients were included (16 laparoscopic and 18 robotic cases) for further analysis.
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Complete pain resolution was achieved in 37.5% in the laparoscopic group and in
44.4% in the robotic group (p = 0.93). The data showed no difference between con-
version rates to open surgery, symptom recurrence rates, postoperative pain, and
overall clinical improvement. However, median operative time was significantly
shorter in the robotic group compared to the open group (179.5 versus 106 minutes,
p < 0.001). The authors concluded that both laparoscopic and robotic-assisted
MALR offer similar short- and intermediate-term outcomes, with a possible shorter
operative time achievable by a robotic-assisted approach [64]. In another recent
retrospective study by Fernstrum et al., 27 patients that underwent robotic MALR
were included for analysis. Long-term improvement or resolution of symptoms
and symptom recurrence was used as primary outcome. Their data showed mean
operative times of 95 minutes and two cases of conversion to open surgery. Only
one major complication occurred, which was an inadvertent arteriotomy of the
celiac trunk that occurred while dividing a portion of the diaphragmatic fibres.
After more than 30 days follow-up, 68% of patients had full symptom relief and
4% had partial symptom resolution. Furthermore, 4% of patients had no symptom
resolution and 24% had symptom recurrence after an initial period of symptom
resolution. The authors concluded that robotic MALR is a safe option for treatment
of MALS with high-response rates [65].

3.2 Vascular bypass surgery

Aortoiliac occlusive disease (AIOD) can result in symptoms such as claudica-
tion and critical ischemia of the lower extremities. Generally, AIOD is treated by
either endovascular or open surgery, depending on the severity and location of the
occlusion. Whereas for extensive AIOD patients are generally treated using an open
approach, endovascular approaches with covered stents have also been introduced
with success using the ‘covered endovascular reconstruction of aortic bifurcation
(CERAB) technique [66]. The main disadvantage of endovascular repair are the
high costs for the patient, insurance companies or hospitals [67]. An alternative
for open surgery or endovascular therapy is a laparoscopic reconstruction [68]. A
number of laparoscopic techniques for treating AIOD have been developed over
the last few years with the aim of reducing operative trauma and achieving faster
postoperative recovery rates. However, performing laparoscopic aortic surgery and
vascular anastomoses is very challenging and requires intensive training [69]. More
recently, robotic-assisted approaches have been developed in order to overcome
these limitations of the conventional laparoscopic approach. In a retrospective
case-series by Jongkind et al., a total of 28 patients that underwent robotic-assisted
laparoscopic surgery (RALS) for AIOD were included. In this group, 24 patients
received robotic-assisted laparoscopic aortobifemoral bypass grafting and 4
patients received an aortoiliac endarterectomy. Their results showed a median
operative time of 350 minutes and median aortic clamping time of 70 minutes. In 4
patients, conversion to open surgery was necessary. One patient died within 30 days
postoperatively and 4 patients had non-lethal complications. The authors concluded
that RALS is a feasible and durable technique for treating patients with AIOD [70].

Other studies and case series have found similar clinical outcomes and com-
plication rates. In another relatively recent retrospective study, 310 patients that
underwent robotic-assisted vascular surgery were included for analysis. In this
patient population, 224 patients underwent robotic-assisted surgery for treatment
of occlusive disease, which included robotic ilio-femoral bypass, aorto-femoral
bypass, and aorto-iliac thromboendarterectomy with prosthetic patch. Median
clamping time and anastomosis times were 37 and 24 minutes, respectively. Mean
total operative time was 194 minutes. In 2 cases (0.9%), a conversion to open
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surgery was necessary. Lastly, median hospital LOS was 5 days. The authors con-
cluded that the greatest advantage of these robotic-assisted procedures was the
speed and relative ease with which vascular anastomoses could be performed [9].
This offers significant benefits regarding temporary lower limb ischemia times
during aortic clamping. Despite the lack of large-scale clinical studies, the currently
available data suggests that robotic-assisted approaches can play a significant role in
treating arterial occlusive disease. These robotic approaches can even be combined
with endovascular or open approaches into hybrid procedures, thus making it a
versatile and potentially useful tool for the modern vascular surgeon.

3.3 Aortic aneurysm surgery

One of the greatest paradigm shifts towards MIS in the last decade has taken
place in the field to the of aortic aneurysm surgery. With the introduction of endo-
vascular approaches, the number of open aneurysm repairs has decreased dra-
matically, having steadily been replaced by endovascular aneurysm repair (EVAR)
[71, 72]. Nevertheless, for patients that do not qualify for endovascular repair or
with complications following endovascular repair, surgical repair of the aneurysm
is often necessary. For this subset of patients, a minimal invasive approach may be
an appealing alternative to the conventional open repair. Although laparoscopic
techniques have been described for aortic aneurysm repair, this approach remains
somewhat unappealing to many surgeons due to the steep learning curve [71].
Another possibility is the robotic-assisted approach for aneurysm repair, which is
able to overcome the kinematics limitations of laparoscopy. Previous retrospective
studies and case series have already shown the feasibility of the robotic approach
for several types of aortic aneurysm repairs.

In a study by Stadler et al., 65 patients that underwent robotic-assisted aorto-
iliac aneurysm surgery were included in a retrospective analysis of outcomes after
robotic-assisted vascular procedures. Median operative time and aortic cross clamp-
ing time were 253 and 93 minutes, respectively. Overall mortality was 1.6%, median
conversion rate was 13%, and no major non-lethal postoperative complications
were noted. Furthermore, median hospital LOS was 7 days. The results regarding
operative times and outcomes are similar to the conventional open repair technique,
with the added benefits of MIS [9]. In addition to this, robotic-assisted surgery
could also have a specific role in type-II endoleaks, the most frequent complica-
tion after EVAR. Currently these types of leaks are treated with surgical ligation
or endovascular embolization, the latter being the first-line treatment option.
However, endovascular embolizations of endoleaks has high recurrence rates.

With the robotic approach, these endoleaks can be repaired more easily than with a
laparoscopic approach, while simultaneously providing a more definitive solution
for the endoleak. Morelli et al. showed that this technique is feasible in their recent
case series [73].

4, Costs of robotic surgery

Despite the increasing popularity of robotic-assisted approaches worldwide,
concerns have been raised regarding the high costs of acquiring and maintaining
robotic systems [16]. In addition, stapling devices in robotic surgery often come at a
high price, necessitating many centres to use standard manual or electronic stapling
devices by the table surgeon instead of the console surgeon. Several studies have
attempted to perform cost-analysis studies of robotic surgery compared to open
and laparoscopic/thoracoscopic approaches. However, there are often significant

67



Latest Developments in Medical Robotics Systems

discrepancies between these studies, mainly due to different definitions of cost
(console and robot; maintenance; instruments; stapling devices) and differences in
healthcare and insurance regulations between countries [10]. A large-scale analysis
of the NIS database showed that median costs of RATS were significantly higher
than conventional VATS [74]. Similar findings were reported in an analysis of the
Premier registry by Swanson et al. However, there is evidence to suggest that RATS
is comparable or even less expensive than open surgery, mainly due to reduced
operative times and shorter hospital LOS [75]. Furthermore, previous studies have
shown that as programmes adopt and perform more robotic operations, the overall
costs of hospitalisation will decrease [71]. These costs will likely decrease even
more over time with the introduction of upcoming competitors’ surgical robotic
platforms [1].

5. Ergonomics of robotic surgery

In addition to the patient-related benefits of robotic surgery, these robotic plat-
forms allow for a more ergonomic working environment for the surgeon [16]. Previous
studies have already shown that work-related musculoskeletal disorders are frequently
encountered among surgeons and surgical residents [76]. This is a result of several
factors, such as frequent repetitive movements of the trunk and upper extremities
and prolonged static body positioning [77]. When these work-related musculoskeletal
disorders are not corrected early on, they can result in injuries such as carpal tunnel
syndrome, wrist tendonitis, chronic back and knee pain, TOS, and the development
of varicose veins [76, 78]. Several studies have compared conventional laparoscopic
and robotic approaches and have found that surgeons using robotic surgery report
less overall pain [79, 80]. In addition, data has shown that ergonomic training courses
for surgeons can also significantly reduce pain [77]. However, more robust data from
larger studies are necessary to measure the effect of robotic surgery on ergonomics,
and physical and mental fatigue compared to conventional approaches.

6. Future of robotic surgery

Since the introduction of robotic-assisted surgery, surgeons and medical engi-
neers have continuously searched for new technologies and advancements across
all surgical fields. Since its introduction approximately 20 years ago, the da Vinci
robotic surgery system (Intuitive Surgical Inc., Sunnyvale, CA, USA) has been
involved in over 5 million operations, making Intuitive Surgical the largest player in
the surgical robotic market [81]. However, with the original da Vinci patents now
expiring, many medical ‘tech’ companies are now setting their sights on joining
this lucrative, growing market. New systems in the near future will likely aim to
improve on the current robotic models by incorporating new technologies such
as single-port instrumental arms, haptic feedback, eye-movement tracking, and
virtual reality (VR) [82]. In addition to the technological aspects of the current
robotic systems, there are also some important practical limitations that can be
improved upon, such as the high operational costs, the size of the robotic systems,
and its accessibility in lower-income countries. Several “large” robotic systems have
become available in the last few years. Some examples are the Senhance console
(TransEnterix, Morrisville, NC, USA), BITRACK system (Rob Surgical, Barcelona,
Spain), and the Revo-i surgical robot (Meere Company, Seoul, South Korea). These
systems each have some advantages over the da Vinci system, such as haptic feed-
back or eye-tracking, but are generally limited by their price and large size [81].
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In addition to these large systems, many companies have started to create
smaller, more portable systems that allow more flexibility in hospitals that do not
have robot-dedicated operating rooms. Perhaps the most daring and revolutionary
concept that is entering the field of surgery is the surgical microrobot. Microrobot
surgery is fundamentally different to the current robotic systems as it is not physi-
cally tethered to a console. These microbots can be propelled externally via electro-
magnetic fields or ultrasonographic energy, or internally using chemical reactions.
Recent proof-of-concepts have shown that these microbots are able to perform
various surgical manoeuvres such as dissecting, grasping, and ablation at a micro-
scale [83-85]. Undoubtedly, the future of robotic surgery looks exciting as many
new technologies are emerging at an exponential pace. The COVID-19 pandemic
has shown an unprecedented demand of surgical robotic systems as well, mainly
due to their ability of providing an additional shielding layer between the healthcare
worker and the patient [86]. It is likely that this demand will outlast the pandemic
itself and propel the development of surgical robotic technology.

7. Conclusion

It is without a doubt that robotic surgery has changed the surgical world over
the last decade. An increasingly large group of surgeons are incorporating robotic
approaches in their daily practice as more and more data has shown the benefits
of these approaches. In thoracic surgery, RATS has proven to be a valuable tool for
many oncological and non-oncological indications, resulting in it being considered
one of the standard treatment approaches in many centres. Similar, although less
prominent, trends are being noted in the field of vascular surgery as well. However,
despite these promising future perspectives, there is still a lack of well-powered,
multi-centre randomised trials comparing robotic approaches to open surgery or
conventional laparoscopy/thoracoscopy. Furthermore, more data regarding the cost
and cost efficiency of robotic surgery are necessary in order to determine whether
the benefits of robotic-assisted approaches outweigh its costs.
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Chapter 5

Robotic Coronary Artery
Bypass Grafting: History,
Current Technique, and Future
Perspectives

Ekin Guran, Andrea Amabile and Gianluca Torregrossa

Abstract

Coronary Artery Bypass Grafting surgery is the most commonly performed and
thoroughly examined adult cardiac surgery procedure in the world. Minimally inva-
sive techniques which include Robotic-Assisted Minimally Invasive Direct Coronary
Artery Bypass Grafting and Totally Endoscopic Coronary Artery Bypass Grafting
have been helping to lessen the postoperative complications, pain, and length of
stay, while enhancing postoperative quality of life of patients. However, practi-
cal application of these advanced procedures has yet to be broadly mastered for
expanding the usage of minimally invasive robotic assisted techniques. This chapter
describes the development and application of Minimally Invasive CABG procedures
as well as the current knowledge and future perspectives on Robotic-Assisted CABG
procedures.

Keywords: coronary artery bypass grafting, minimally invasive coronary artery
bypass grafting, robotic-assisted minimally invasive direct coronary artery bypass
grafting, totally endoscopic coronary artery bypass grafting, CABG, robotic-assisted
CABG, TECAB, minimally invasive CABG, robotic CABG, robotic cardiac surgery

1. Introduction

Rapidly developing technologies in the field of surgery have encouraged the shift
of conventional techniques towards minimally invasive methods.

Since cardiovascular diseases are the leading cause of death worldwide, causing
the greatest threat to public health, it is perfectly reasonable to implement practice
with technological advancements to treat cardiovascular diseases with minimally
invasive approaches [1].

Robotic-assisted surgery offers the clinical benefits of a minimally inva-
sive approach as well as technical advantages such as enhanced precision and
visualization.

Minimally invasive procedures employed in surgical coronary revascularization
include Minimally Invasive Direct Coronary Artery Bypass Grafting (MIDCAB),
Robotic-Assisted MIDCAB, and Totally Endoscopic Coronary Artery Bypass
Grafting (TECAB). MIDCAB is a less invasive method of Coronary Artery Bypass
Grafting (CABG), in which the surgical access is obtained by a left anterior

77 IntechOpen



Latest Developments in Medical Robotics Systems

mini-thoracotomy, instead of a conventional sternotomy. In robotic-assisted
MIDCAB, the left internal thoracic artery (LITA) harvest is performed with the
robotic platform and is then followed by a direct anastomosis sewn through a small
thoracotomy incision. Finally, TECAB is the entirely endoscopic version of the pro-
cedure, in which the robotic platform is used for both graft harvesting and coronary
anastomosis.

Robotic MIDCAB and TECAB can both be done either on beating heart or on
arrested heart, with the aid of cardiopulmonary bypass (CPB) support or not.
Whether the operation is conducted on a beating or arrested heart is decided
cautiously, considering the vascular status of the patient since the arrested heart
approach may provide a better quality of anastomosis. Not only is CPB obliga-
tory on the arrested heart approach, but it also comes in handy on a beating heart
approach in patients with poor blood gas exchange, or with multiple vessel disease
additionally to badly constructed vascular status [2].

In this chapter, we discuss the currently available robotic-assisted CABG strate-
gies, including Robotic-Assisted MIDCAB, robotic TECAB with the aid of cardio-
pulmonary bypass (CPB), either on a beating or arrested heart, as well as robotic
TECAB without the aid of CPB to achieve single or multivessel coronary grafting
performed either with the robotic anastomotic device or in a hand-sewn fashion.,

2. History of robotic cardiac surgery

The use of robotic assistance in surgical procedures dates back to 1985, when
Kwoh et al. used a robotic system to improve the accuracy of CT-guided brain tumor
biopsies [3]. Davies et al. later used robotic techniques for transurethral resection
of the prostate in 1991 [4]. Peaked interest in robotic applications in surgery led to
the development of new robotic systems. In 1996, Carpentier et al. conducted the
first robot-assisted cardiac procedure, which was a mitral valve repair [5]. In 1999,
Mohr et al. [6] and Loulmet et al. [7] performed CABG with the aid of a robotic
platform. Over time, robotic-assisted CABG procedures evolved from single-vessel
to multi-vessel, and its use has since then expanded to the integration with hybrid
applications.

3. Advantages
3.1 Clinical advantages

The shift of conventional procedures towards minimally invasive approaches has
allowed patients to benefit from surgical treatment with fewer postoperative com-
plications, reduced morbidity associated with surgical trauma, and shorter length
of stay while enhancing the postoperative quality of life and cosmetic outcomes [8].

Robotic-assisted MIDCAB offers a minimally invasive alternative to the trau-
matic median sternotomy performed in conventional CABG by providing access
to the thoracic cavity through a less traumatic left anterior mini-thoracotomy. This
approach reduces postoperative pain scores, and also eliminates the usual risk of
poor healing following median sternotomy, thus reducing the length of postopera-
tive hospital stay [9, 10].

Sternotomy prolongs the recovery duration and bears the risk of poor heal-
ing and deep sternal wound infection (DSWI). Despite the fact that DSWI has a
low incidence (between 0.2% and 3%), it is a deadly complication, and it weighs
a heavy burden on healthcare with the need of repeated surgical interventions,
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prolonged length of stay, lower quality of life after CABG surgery, with higher costs
[11-13]. Patients with comorbidities such as diabetes mellitus, chronic obstructive
pulmonary disease, obesity, peripheral vascular disease have an increased risks of
DSWI [14-17] Also, female sex, older age, bilateral internal thoracic artery take-
down are independent risk factors on that matter [16-19]. Thanks to its minimally
invasive properties, TECAB surgery reduces the risk of DSWI even in BITA take-
down surgery [14, 20, 21].

The postoperative overall quality of life is improved in both robotic-assisted
CABG and conventional CABG, thanks to enhanced myocardial perfusion
obtained by coronary revascularization. Nevertheless, while patients undergoing
TECAB achieve this rather rapidly, those undergoing conventional CABG reach
the same level of comfort much later due to the greater invasive nature of the
sternotomy [22].

In terms of outcomes, robotic-assisted CABG graft patency rates were found to
be equivalent to outcomes of the conventional technique [23]. TECAB has yielded
excellent results, even in patients with a high risk of mortality [24].

3.2 Technical advantages

Robotic-assisted minimally invasive procedures have enabled surgeons to
perform surgical procedures with enhanced vision, precision, control, and dexter-
ity [25]. Although the lack of haptic feedback was initially observed as a limitation
for robotic surgeons, the Da Vinci system provides outstanding 3D visualization
to observe the displacement of tissues which compensates for the lack of tactile
feedback [26]. In addition to greatly improved visualization, robotic instrumenta-
tion also provides several technical advantages. Built-in motion scaling converts
large natural movements to ultraprecise micromovements, and tremor filtration
allows smoother and more precise motions of the articulating instrument at
the surgical site [27, 28]. The wristed robotic instrumentation and robotic arms
provide seven degrees of freedom (three for translation, three for rotation, and
one for grasping), rather than only four degrees of movement maintained by the
endoscopic devices [29]. Furthermore, robotic-assisted surgery eliminates the
“fulcrum effect”, otherwise faced by long-shafted endoscopic instruments, in
which the hand of the surgeon and the tip of the instrument moves in opposite
directions [30].

4. Disadvantages

As CABG surgery is the most commonly performed and adult cardiac surgery
procedure worldwide, there has been a growing interest in robotic-assisted CABG.
However, despite the initial enthusiasm, it did not become as widespread as
expected, for reasons such as its steep learning curve, the requirement of an experi-
enced surgical team, and its higher costs [31].

5. Patient selection

Each patient should be individually assessed by a multidisciplinary team of
cardiac surgeons and cardiologists to determine the best approach regarding
myocardial revascularization. Clinical status, associated comorbidities, and ana-
tomical features should be considered when determining the appropriate strategy
for myocardial revascularization.
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Robotic-assisted CABG is more frequently used to treat total occlusion or ostial
stenosis of the left anterior descending (LAD) artery, and occasionally to treat
proximal LAD stenosis which is unsuitable for percutaneous intervention. Robotic-
assisted CABG is also feasible in the treatment of multivessel disease, though rarely
performed, in which both ITAs and a second graft can be used individually or with
sequential anastomosis techniques [2].

Minimally invasive CABG may also be integrated with a hybrid approach, i.e.,
achieving simultaneous or delayed complete revascularization with both CABG
(usually for the left coronary system) and percutaneous coronary interventions
(PCI) (usually for the right coronary system), providing patients with the advan-
tages of each technique in the least invasive manner possible [32].

Robotic-assisted MIDCAB is one of the most commonly performed robotic-
assisted CABG procedures around the globe [33]. This is often conducted off-pump
and consists of the endoscopic harvesting of the LITA with robotic instrumenta-
tion followed by direct anastomosis of the left anterior descending (LAD) artery
through a left anterior mini-thoracotomy. Robotic MIDCAB may be preferred in
patients with isolated disease of the LAD, or within the framework of hybrid coro-
nary revascularization (HCR) strategy to treat patients with multivessel coronary
stenosis along with PCI to all diseased non-LAD vessels [34]. Although robotic
MIDCAB is not optimal for hemodynamically unstable patients, patients with
limited pulmonary reserve or patients with significantly impaired left ventricular
systolic function, favorable outcomes have been previously reported [35].

Although patient selection for robotic-assisted CABG was initially limited to
non-redo patients with isolated single-vessel or double-vessel disease rather than
multi-vessel disease and those with preserved ventricular function, inclusion cri-
teria has since then broadened to include also redo patients, provided one internal
thoracic artery (ITA) is still adequate for grafting. Studies have demonstrated that
the procedure was viable in patients with a history of previous open CABG [36],
MIDCAB [33], and TECAB [37].

In current practice, many patients with a confirmed indication for surgical
myocardial revascularization can be deemed as candidates for robotic-assisted
CABG. Potential contraindications include acute myocardial ischemia, serious
multi-organ dysfunction, severe pulmonary dysfunction, restricted workspace
inside the thoracic cavity (e.g., in severe pectus excavatum), thoracic adhesions,
and obesity (BMI > 35 kg/m2) [38]. Relative contraindications to TECAB are
serious left pleural fibrosis in patients with a history of chronic lung disease or
lung surgery. Management with an off-pump approach may not be always feasible
in patients with severely impaired lung function and peripheral cardiopulmonary
bypass (CPB) support to enhance gas exchange may be considered in these cases.
Emergent procedures and patients with advanced left ventricular systolic dysfunc-
tion potentially requiring advanced postoperative myocardial support are currently
ruled out [32].

6. Anesthetic approach

Team coordination and communication are fundamental aspects to prevent
complications in any surgical operation. This is especially important during
robotic-assisted surgery, considering the physical distance between team members.
Therefore, we recommend that all team members (consisting of a console surgeon,
tableside assistant, anesthesiologist, perfusionist, circulating nurse, and all others
who are involved) are equipped with Bluetooth headsets to ensure smooth and
effective communication.
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To be on par with rapid advancements in the field of robotic surgery, anes-
thesiologists had to overcome new challenges such as longer surgical times,
problems with single-lung ventilation in the presence of coronary artery disease,
and enhanced expertise in transesophageal echocardiography (TEE) [39]. Other
drawbacks include the higher physical distance from the patient than usual, dealing
with a bulky device onto the operative field, managing the specific patient position-
ing, and maintaining patient immobility while preventing prolonged postoperative
recovery time due to the excessive use of neuromuscular blocking agents.

Because of the reasons stated above, robotic-assisted CABG procedures require
an experienced cardiothoracic anesthesiologist. The console surgeon, tableside
surgeon, and anesthesiologist must all be coordinated and in harmony throughout
the entire procedure.

Anesthetic management consists of single-lung ventilation, as well as right
radial artery pressure monitoring and central venous catheterization for hemo-
dynamic monitorization throughout the surgery. Single-lung ventilation may be
accomplished with either a double-lumen endotracheal tube or a single-lumen
endotracheal tube with the usage of a left endobronchial balloon blocker. External
defibrillator pads should be located across the heart beforehand, one on the right
lateral chest and the other one on the left scapula. Near-infrared spectroscopy
(NIRS) is also strongly advised to prevent postoperative cognitive dysfunction [40].

Due to the closed nature of the operation, monitoring TEE throughout the
procedure is essential. TEE contributes invaluable information regarding baseline
cardiac capacity and may be used to diagnose undetected pathologies. TEE ensures
secure and a pinpoint positioning of guidewires and cannula for peripheral car-
diopulmonary bypass. TEE is imperative for the management and safety of robotic
CABG procedures since it allows for immediate detection of rare but catastrophic
complications of peripheral cannulation, including superior vena cava injury or
aortic dissection [41].

7. Surgical procedure
7.1 Patient positioning

Some preliminary steps including patient set up, cardiopulmonary perfusion,
placement of the ports, and robotic-assisted harvesting of LITA are in the same
manner for both robotic-assisted CABG surgeries. While the MIDCAB procedure
continues with de-novo incision after LITA harvesting for making a direct hand-
sewn anastomosis between the LITA and the coronary target, the TECAB procedure
continues with robotic-assisted coronary anastomosis [31].

After the left lung is deflated, three robotic ports are placed into the left thoracic
cavity under direct view. First, the camera port is located in the left fourth intercos-
tal space in the anterior axillary line. The right and left robotic instrument ports are
placed under endoscopic visualization in the second and sixth intercostal spaces,
respectively, in alignment with the camera port.

The robotic-assisted anastomosis part of the TECAB surgery requires two addi-
tional ports which should be placed after robotic ITA harvesting and graft prepara-
tion. A 12-mm 4th robotic port is used to insert the Endo-wrist™ stabilizer, placed in
the left subcostal space, medial side of the midclavicular line. And finally, to deliver
the Cardica Flex A™ anastomotic device, a 15-mm port (Ethicon Surgical, Somerville
NJ) is inserted in the 2nd intercostal space on the left midclavicular line.

After the ports placed, the table is lowered and tilted 10° to the right, and the da
Vinci Si system (Intuitive Surgical, Sunnyvale, California, United States) is docked
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with the robotic cart, which is generally located at approximately 60° angle to the
table from the right side. This positioning is to decrease the interference between
the robotic arms.

Continuous warm humidified CO2 insufflation should be maintained to prop-
erly dilate the surgical area and provide sufficient pleural workspace. Intrathoracic
pressure must be kept within 8-12 mmHg not to compromise hemodynamic
stability. Air insufflation systems should be used at low levels since excessive use of
insufflation may cause endothelial damage. We recommend maintaining the CO2
insufflation settings while entering the right thoracic cavity for BITA harvesting. Of
note, using two CO2 insufflation is convenient in TECAB surgery to protect the vas-
cular structures and heart itself from injury as a result of a sudden loss of pressure.

7.2 Cardiopulmonary perfusion and myocardial protection

Robotic-assisted CABG can be executed either on an arrested or beating heart.
Whether the operation will be performed with the arrested or beating heart
approach is decided cautiously considering the vascular status of the patient since
the arrested heart approach may provide a better quality of anastomosis. CBP
support is obligatory in the arrested heart approach. But it is not the only case that
requires CBP support. It can be also used in the beating heart approach to improve
poor blood gas exchange and in patients with multiple vessel disease additionally to
badly constructed vascular status [2].

Considering arrested heart or beating heart surgery in need of hemodynamic or
pulmonary support, the peripheral CPB method is usually the chosen one. The CPB
support during TECAB is considerably low (less than 2%) and most of which used
to improve gas exchange rate during single lung ventilation [31].

Since peripheral CPB support is recommended in case CPB is needed, femoral
vessels should be prepared. A transverse left inguinal incision is made above the
inguinal ligament to expose the femoral artery and vein. Firstly, a 4-0 polypropyl-
ene purse-string suture is implanted in each vessel which is followed by tourniquet
application. Then, the introduction of a perfusion cannula with a sidearm (21-F or
23-F) into the femoral artery is underway. At last, cannulation of the femoral vein
with a 25-F venous cannula is performed.

IntraClude™ balloon occlusion catheter (Edwards Lifesciences, Irvine, CA, USA)
or a mechanical cross-clamp (e. g. Chitwood™, Scanlon International, Minneapolis,
MN, USA) with antegrade cardioplegia are the preferred tools to be used during
aortic cross-clamping and cardioplegia delivery. Because of the reason that pulmo-
nary artery interposition makes cross-clamping the aorta from the left chest to be
technically challenging, balloon occlusion catheter remains to be the preferred one.

TEE guidance is essential during the insertion of the IntraClude™ balloon
occlusion catheter towards the aortic root. The balloon should be placed above the
sino-tubular junction, and well below the brachiocephalic trunk. Antegrade, cold
blood cardioplegia should be administered repeatedly according to the chosen
cardioplegia solution.

7.3ITA harvesting

After the endoscopic camera (30-degree up) is inserted, monopolar curved
scissors are equipped to the right arm while Maryland bipolar forceps are equipped
to the left one. Then dissection and reflection of the pericardial fat pad are per-
formed. Pinpoint determination of the opening site of the pericardium is decided
according to the grafting approach, since the pericardiotomy should be performed
anterior to the phrenic nerve and towards the apex of the heart for LAD targets, and
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pericardium should be entered posterior to the phrenic nerve for circumflex mar-
ginal coronary targets. In addition, a small-scaled pericardial incision posterior to
the phrenic nerve can both help drainage of the pericardial space post-operatively as
well as in our belief it helps to prevent postoperative pericarditis. Since the protec-
tion of the phrenic nerve is of vital importance, care should always be taken to avoid
injury during pericardial manipulation.

After reaching the surface of the epicardium, the angiogram becomes particu-
larly useful to point out the correct coronary targets. Following the description of
the targets for endoscopic grafting, attention is directed towards the ITA(s).

The two ITAs are adjacent to each other and to the heart from the endothoracic
viewpoint than is commonly appreciated, considering the greater majority of
surgeons only encountered them in open CABG procedures when the sternum is
widely separated by a midline sternotomy incision. Thereby, either of the ITA can
be used as an in-situ conduit to graft the LAD and high marginal branches.

Due to the lack of tactile feedback, excess tension should be avoided, and extra
care should be taken to avoid damaging the ITAs. ITA harvesting begins from the
proximal side, until its origin from the subclavian artery, to enable it to utilize its
entire length. The harvesting is preferably performed as a skeletonized technique by
the dissection of the artery from the fascia, intercostal muscles, and the encircling
tissues to take maximum advantage of the length of the artery and also to profit
from higher flow capacity [42]. This technique also assists in maneuvering the graft
within the thoracic cavity and also paves the way for the assessment of the endo-
scopic transit-time Doppler flow. Despite the advantages of this technique, many
surgeons, especially those at an earlier phase of their robotics training, still goes for
the ITAs as pedicled grafts.

If the right internal thoracic artery (RITA) is to be used, it should also be the
first to be harvested. Otherwise, the left thoracic artery (LITA) should be chosen
without the opening of the right pleura. For both conduits, the dissection procedure
is identical.

At the beginning of the RITA harvesting procedure, the finest view while
dissecting of the substernal anterior mediastinal fibro-fatty tissue and during
entry into the right thoracic space is given by a 0-degree robotic endoscope. After
the dissection is done, the RITA should be harvested using a 30-degree (focused-
up) scope. When instruments are guided into the right pleural space, it is of vital
importance to prevent physical contact with the heart. Careful maneuvers should
be undertaken in order to position the cameras safely near to the right pleural
workspace, and the instruments should first be spotted by a direct vision from the
left pleural area and then removed from there.

The endothoracic fascia and the transverse thoracic muscle are divided to
uncover the vessel while harvesting RITA. For the monopolar spatula and micro
bipolar forceps (20 W), alow electro-cautery setting is used to cauterize narrow
vessel branches, while the larger ones should be divided with robotically applied
metal clips.

The Endo-Wrist stabilizer is used to compress the anterior mediastinal tissue to
optimally harvest the proximal and distal sections of the RITA. This instrument is
extremely useful in TECAB surgery to help stabilize the target during the anasto-
mosis, whether it is done on a beating or arrested heart, but it is also practical dur-
ing a conduit harvesting process since it allows routine BITA harvesting regardless
of the anatomical variations between the patients. It is inserted through a 12-mm
subcostal 4th robotic port placed between the xiphoid process and the midclavicu-
lar line as mentioned before. When docking the fourth robotic arm a “setup joint”
adjustment towards cephalic direction is recommended in order to avoid external
conflicts between robotic arms.
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When executing the mediastinal fat retraction with the Endo-Wrist stabilizer,
care must be taken to secure that suited proximal dissection of the RITA is accom-
plished and adequate conduit length is provided. The 0-degree scope is ideally
used to harvest the proximal RITA; the artery should be dissected up till the first
intercostal branches are uncovered; then several metal clips should be used to
divide the medial right internal thoracic vein. In order to widen the anteroposterior
space especially in patients with narrow space between the sternum and the heart
and thereby decrease the risk of instrument-induced arrhythmias, the stabilizer is
then positioned on the epicardial surface while dissecting the caudal extremity of
the RITA. Once the RITA is almost entirely liberated but not distally divided from
the encircling tissue, attention is drawn to the LITA, which is harvested likewise as
mentioned before.

The conduits are prepared with intraluminal papaverine solution injection after
the harvesting of both ITAs from the loose areolar tissue is completed over their
total length. A bulldog clamp is placed on the proximal RITA after heparinization.
To evaluate sufficient flow through the conduit, the distal end of the RITA was
occluded by a metal clip, and partially transected only the proximal site of this
clip with the help of robotic Potts scissors afterward. Meanwhile, a syringe of 1:20
diluted papaverine solution connected to a 20-G Perifix® epidural catheter (B.
Braun, Melsungen, Germany) is operated by the table-side assistant via the work-
ing port and then inserted tenderly by the console surgeon into the lumen of the
RITA. Papaverine is injected as the catheter is removed. The table-side assistant
should extract arterial blood before infusing the papaverine to confirm the correct
intra-luminal catheter location. The catheter should then be slowly retrieved, and
immediately after catheter removal, the RITA is distally clipped. For LITA, the same
procedure is repeated.

7.4 Coronary target(s) preparation

If robotic-assisted MIDCAB surgery is the selected approach, this step continues
with removing the robotic instruments and ports and expanding the camera port
incision to a 5-cm left anterior mini-thoracotomy to provide direct access to the
selected coronary targets, while TECAB surgery continues with robotic assistance in
the rest of the procedure thereby does not need a wider thoracotomy incision. The
retractors are used in Robotic-assisted MIDCAB to provide a better view similar
to regular MIDCAB surgery. A pericardiotomy is performed through thoracotomy
incision, which is applied anteromedially in the direction of the apical part of the
heart, imitating the orientation of the LAD thus allowing the ITA to enter the peri-
cardial space without any twist or torsion afterward. After the pericardiotomy, the
LAD is exposed and can be stabilized with the help of external vacuum-assisted or
pressure-assisted systems. After the coronary target preparation is finished, a direct
hand-sewn graft-coronary target anastomosis is applied through the thoracotomy
incision in MIDCAB surgery.

TECAB surgery, which stands out among all the surgical myocardial revascu-
larization strategies due to its minimally invasive nature, requires two additional
ports which should be placed in this stage of the procedure. A 12-mm 4th robotic
port for the Endo-wrist™ stabilizer and finally, a 12 mm or 15-mm working port for
coronary anastomosis instead of a de-novo thoracotomy incision.

With the help of the Endo-Wrist stabilizer, the coronary target(s) is stabi-
lized and then exposed. Proper exposure is served by using low cautery energy
with gentle opening of the overlying epicardium, which in our belief is more
beneficial than sharp dissection to obtain better hemostasis in an endoscopic
workspace.
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The coronary target is then proximally encircled with a silastic snare
Saddleloop™ (Quest Medical, Inc., Allen, TX, USA). To limit the possible venous
bleeding at the coronary target sites, the silastic snare application is performed
before the delivery of systemic heparinization and dividing the conduits. Upon the
completion of coronary target preparation, the patient is heparinized with a specific
target of activated clotting time (ACT) for each procedure acting as 300 s for
MIDCAB and off-pump TECAB, while should be above 420 s for on-pump-TECAB.

7.5 Robotic-assisted coronary anastomosis, device-driven fashion

Contrary to robotic-assisted MIDCAB surgery, the coronary target anastomosis
part of TECAB surgery is also completed endoscopically. There are two techniques
for robotic-assisted anastomosis and applications differ depending on preference. If
device-driven anastomosis is to be made, a 15 mm working port is required to insert
C-Port Flex A system; on the other hand, if the hand-sewn technique is to be used, a
12 mm working port is required to embed the coronary shunts and sutures (Ethicon
Surgical, Somerville, NJ, USA).

A 30-degree scope is used for better visualization. To begin with the device-
driven technique, the left and right robotic arms are equipped with Black Diamond
forceps. The stabilizer at the 4th port is replaced with a DeBakey forceps and the
15 mm working port is loaded with the Flex A system to perform the automated
coronary anastomosis.

The Flex A device is inserted along with its neutral position which points to the
diaphragm as the anvil facing heart and cartridge facing sternum and held by the
DeBakey forceps. Then it is rotated in a way that now cartridge faces down while
the anvil faces the sternum. Later on, the device is moved vertically to a position
that faces the camera. In order to inspect and trim encircling tissue, ITA is also ori-
ented and positioned along with the device. The placement of LITA inside the car-
tridge can now be ready to complete after the 10-mm linear arteriotomy. Following
the placement of heels of the arteriotomy to the designated sites on the cartridge
by two Black Diamond forceps, tableside assistant lowers the piercer onto the heel
clip and fixates the heel of LITA onto the cartridge. During the next step, which is
lowering the shield guard, slight bending of the guard can enhance the hood of the
anastomosis. Then, both sides of the heel are positioned to the contrary sides of the
cartridge to match with staple bays. During this placement, it is of vital importance
that each staple bay is correctly matched with LITA tissue and there should be no
folds in the LITA after it is properly positioned. In order to achieve this, firstly
tableside assistant lowers the right-wing guard. Then, before lowering the left-wing
guard, the assistant should also remove the piercer to fixate LITA in the proper
place. Lowering both of the wing guards and fixation of LITA to its proper place
marks the loading of the conduit so that the device can now be moved back to its
neutral position and placed nearby to the target vessel on the pericardium.

The 4th port is loaded with the Endo-Wrist stabilizer once again to stabilize the
coronary target. The silastic snare that encircles the coronary target which previ-
ously placed before is now tightened and hemodynamic responses and ECG altera-
tions are observed. ST-segment elevations are tolerated since it’s not necessarily a
proof of ischemia but can be referred to alterations in signal detection because of
the physical displacement of the heart unless followed with hemodynamic com-
promise. Ischemic preconditioning might be beneficial to prepare the myocardium
before coronary occlusion [43].

After the coronary flow is blocked by tightening the silastic snare, a small
coronary arteriotomy in the core of a previously placed CV-8 Gore-Tex suture
(Gore Medical, Flagstaff, Ariz) is performed by an endo-knife (Snap-Fit; Intuitive
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Surgical, Sunnyvale, Calif) using a purse-string stitch. This stitch is required to seal
the insertion site of the anvil after the device is removed, since it is not part of the
anastomosis. The anvil is then inserted and positioned parallelly to the coronary
target. Placement of anvil inside the lumen of the vessel is crucial before moving

on with the following steps of the anastomotic procedure. Then, tableside assistant
activates the device and performs the anastomosis. Following the proper formation
of anastomosis, the cartridge is released, the shield guard is raised, and anvil is
discharged.

After the suture is tied, one should always look for potential bleeding. If that’s
the case, the surgeon should add additional stitches.

Occasional examination of the transit-time flow measurement (TTFM) of the
graft is necessary [44-46]. In order to do this, a flexible probe through the port
like Medistim (Medistim Inc., Oslo, Norway) can be used. This system provides
valuable information about the procedure like mean blood flow, pulsatility index,
and percentage diastolic filling. In addition, consideration of the competitive flow
should also be closely examined.

If sequential grafting is needed, instead of Flex A device which is only applicable
for end-to-side anastomosis, a hand-sewn technique comes into play. Thus, sequen-
tial grafting should start with the anastomotic device, then should continue with
the hand-sewn approach.

7.6 Robotic-assisted, hand-sewn coronary anastomosis

Because of the aforementioned cases, in order to perform robotic-assisted coro-
nary anastomosis, the anastomotic device is not mandatory since the hand-sewn
technique is also capable of doing the same procedure.

Histological studies also prove that device-driven anastomosis can be compa-
rable with the hand-sewn anastomosis [47-49].

It is crucial to prepare the anastomotic sites before insertion of the suture in
the thoracic cavity with the endo-wrist stabilizer. In order to perform LAD anasto-
mosis, a 30-degree down scope provides better visualization, whereas a 30-degree
up (or 0-degree) scope is preferred for left circumflex branch anastomosis.

Also, observing some crucial parameters like ECG alterations, variables derived
from TEE, and hemodynamic responses during the 5 to 8 minutes of myocardial
ischemic preconditioning is recommended. During this period, required items
like shunts and sutures can be inserted into the thoracic cavity. After clamping

the ITA with a small bulldog clamp, Pott scissors are used to transcend and trim

to the adequate length. It is advantageous to clip the distal side of the ITA to the
encircling pericardium to deal with the conduit when conducting the anastomosis.
Endo-knife (Snap-Fit; Intuitive Surgical, Sunnyvale, California, U.S.) assisted
arteriotomy is performed and extended with Pott scissors after a short reperfusion
duration.

Both robotic arms are now equipped with Black Diamond forceps. A correct
size shunt is now positioned (via the regular off-pump coronary artery bypass
techniques) and the snare is released. A double-arm 7-0 Pronova suture is used
to induce anastomosis in a continuous manner (Johnson & Johnson Medical, New
Brunswick, New Jersey, United States). Suturing from the farthest side of the
surgeon is introduced in the center of the arteriotomy, and should be completed on
the adjacent side of the surgeon.

The stitches are normally carried out on the coronary artery in an outside-in
fashion, but this procedure can be altered in the opposite direction only if there is
the presence of calcified plaques within the coronary target wall. The graft is then
parachuted onto the target artery. It is advised to insert a shunt within the conduit
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if there is confusion about the visualization of the heel of the conduit. The suture
should be tightened in order to stop bleeding after the suture is finished. The
shunt(s) should be withdrawn just before the suture is tightened.

Finally, the proximal snare and the bulldog clamp are released. After performing
every anastomosis, TTFM should be evaluated with a flexible MediStim probe. If
the pulsatility index is greater than 5 and the mean arterial blood flow is less than
15 mL/min, we recommend that the graft be checked.

7.7 Final surgical maneuvers

After the grafting procedures have been finalized with satisfactory results and
adequate hemostasis, all the items used in the surgical procedure are cleared away
from the thoracic cavity. Extra-pericardial fat that has been transferred to the
lateral side is now sutured back to the medial border of the pericardium to cover
the anterior face of the heart and the graft, and a 4-0 V-Loc suture (Medtronic,
Minneapolis, Minnesota, United States) is used to conduct both of these proce-
dures. The left lung is suctioned in and the lung is reinflated.

A 24-French Blake Drain (Ethicon Inc., Somerville, New Jersey, United States)
is placed in the right thoracic cavity through the sub-costal port, and the second
24-French Blake Drain is also placed in the left thoracic cavity through the left port.
The robot is undocked, and all the ports are removed.

If the surgery is performed on an arrested heart with CPB support, a ‘hot shot’
of cardioplegia or warmblood is administered before deflating the endoballoon.
Only after the robot is undocked, all ports are removed, and ventilation is fully
restored, will separation from the CPB support, protamine administration, and
decannulation be carried out. To minimize the risk of bleeding on the port sides, it
is strongly recommended to re-inspect the port sides with the scope after protamine
is administered. For off-pump TECAB, this is extremely unlikely.

Finally, all port incisions are sealed with subcuticular stitches and in this way,
the surgery is now completed.

8. Conclusion

At first, the TECAB technique was limited to treating single vessel disease with
LITA-LAD anastomosis on an arrested heart with CPB support and in time it is
proven to be safe and feasible [50, 51]. Since robotic surgical technology continues
its exponential growth, the advancements in the next generations of the da Vinci
robotic systems will be expected to enhance treatment options even for the high-
risk patients with multivessel disease.

Robotic-assisted, totally endoscopic, off-pump CABG has been shown to be safe
and feasible in treating the multivessel disease and offers outstanding results in
experienced hands. To achieve successful results, the whole surgical team should
master robotic surgery, and be in harmony during the procedure and in the mean-
time, the highest attention should be directed to the hemodynamic and hemostatic
parameters of the patient.

However, the surgeons should note that robotic-assisted CABG surgery has a
steep learning curve and should start with gaining experience in the treatment of
single-vessel cases before progressing to multivessel procedures. Intensive training
on hand-sewn suturing techniques using dry and wet-lab models is essential and
highly recommended. Due to the steep learning curve and the lack of excellence

centers focused on the robotic-assisted CABG, the interest from the industry has
been half-hearted.
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Finally, since robotic surgical technology is experiencing exponential growth
and expanding its use in many specialties, it is of vital importance for us, the sur-
geons, to be a part of these advancements and train the next generation of surgeons
accordingly in order to help them serve our society with latest minimally invasive
approaches.
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Catheter Robots in the
Cardiovascular System
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Abstract

Robotic-assisted endovascular therapy is a novel approach to augment precise
skill requirements while simultaneously reducing radiation exposure. The CorPath
system enhances the scope of minimally invasive procedures and facilitates the
interventionalists to perform procedures in the field of vascular surgery, neuro-
surgery and interventional cardiology. The reason for increasing interest in the
CorPath system is the ability to control these robots through wireless connection,
raising the possibility for remote interventions. CorPath is currently the only
commercially available endovascular robotic system. Robotic-assisted approach
has a high technical success rate in the field of peripheral vascular and coronary
interventions and has encouraging results regarding neurointerventions. Remote
endovascular procedures may transform the future of stroke treatment in areas
where distance-related time loss can affect procedural outcome.

Keywords: Robotic-surgery, endovascular robotics, radiation protection,
CorPath system, remote surgery, tele-robotic

1. Introduction

Our group has a long-standing interest in catheter robotics. This began with
the initial launch of Hansen robotic platform for left atrial ablation then followed
the evolution of the Hansen system for peripheral interventions [1, 2]. These
early studies clearly demonstrated the feasibility of navigating inside the vascular
system safely and effectively and outlined some of the future directions for robotic
catheter evolution: integrating into imaging, remote control, fluoro-less navigation
using electromagnetic fields and autonomous movement [3]. The development
of endovascular robotic catheters was seriously interrupted, when Hansen was
acquired Auris, who recognized the importance of being able to navigate robotically
through long thin tubes, in their case, bronchi. One real challenge of these high-
tech start-up companies is the prodigious amount of capital required to develop
these technologies. The Auris endobronchial navigation platform (Monarch, Auris
Health Inc., Redwood, CA, USA) recently acquired by Johnson & Johnson (New
Brunswick, NJ, USA) for 4 billion dollars emphasizes the promise and value which
this technology can bring to the clinical area. Currently the only endovascular robot
available is from Corindus (Corindus, Siemens-Healthineers Company, Waltham,
MA, USA). This will therefore be extensively described in the manuscript. Corindus
was recently acquired by Siemens (Siemens-Healthineers, Erlangen, Germany),
heralding the real possibility that “preflight” of a robot integrated into a fused
image may at last move from fantasy to reality.
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2. Robotic assistance and radiation protection

The demand for minimally invasive procedures is rapidly increasing. In an
endovascular era, the radiation exposure is a crucial factor while performing these
procedures on a day-by-day basis. There are several techniques currently available
to reduce radiation, but robotic-assisted procedures are considered a different
approach. The technique’s advantage is that the operator does not have to be next
to the patient [4]. The operator can sit behind radiation-shielded platform or away
from the operating room by wireless connection (Figure 1) without the need of
wearing a lead apron [6]. The greatest reduction of radiation is therefore on the
primary physician, but the assistants can also keep more distance from the radiation
source receiving smaller amount of dose levels [7].

Figure 1.
Robotic console workstation with radiation shielding. The monitors show live fluovoscopy images and patient
vitals (© Corindus Inc., used with permission) [5] .

3. Robotic systems

Table 1 demonstrates characteristics of the below presented endovascular
robotic systems (Table1).

3.1 Magellan system

The first endovascular robotic system was the Magellan Robotic Catheter
system (Hansen Medical, Mountain View, California, USA). It was designed for
cardiac ablations. It consists a remote wire and catheter manipulator with two
available steerable catheter systems. One with a 6 Fr inner leader catheter with a
180-degree multidirectional articulation and a 9 Fr outer sheath with a 90-degree
multidirectional manipulation. The other is a 6 Fr low-profile system with two
bending sections created for navigating in smaller vessels. The manipulation is done
with different tightening of wires integrated into the catheters. The manipulator
is mounted on the operating table and allows advancement, retraction, catheter
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Robotic Compatible Compatible Therapeutic Navigation Remote
system wires catheters device capability
delivery
Magellan 0.014, 0.018, 6 Fror9 Fr Robotically Wire and catheter No
0.035 Magellan stabilized advancement-
Robotic catheter manual retraction; 6Fr
system delivery catheter 180°
multidirectional
angulation; 9Fr
catheter 90°
multidirectional
angulation
CorPath 0.014 Any Robotic Rx-device Yes
200 commercially Rx device advancement,
available 5-7 Fr delivery retraction; Wire
catheter advancement
retraction, rotation
CorPath 0.014 Any Robotic Rx-device Yes
GRX commercially Rx device advancement,
available 5-7 Fr delivery retraction; Wire
catheter advancement

retraction,
rotation;
Guide-catheter
advancement
retraction, rotation

Table 1.
Technical summary of endovascular robotic systems.

bending and rotation of the system also. The control panel is located outside of the
operating room. It had a console and monitors to show the real-time fluoroscopic
images and the catheter orientation as well. The disadvantage of the system is that
the therapeutic devices cannot be delivered remotely it has to be done manually
with robotic support. The system is approved by the FDA and CE marked, but it is
not widely adopted and also not available commercially [8], later the technology
was acquired by Auris Health Inc.

3.2 CorPath 200

The CorPath 200 robotic system is an endovascular, remotely guided system
primarily developed for percutaneous coronary intervention purposes. The first
publication appeared in 2011 using it for a coronary angioplasty. The system has
two major components: a bedside unit and the interventional cockpit. The cock-
pit is a mobile radiation-shielded station to perform the intervention. It has two
joysticks for device manipulation and monitors for real-time information about
the patient’s vitals and the actual procedural field (fluoroscopic and subtracted
images). This allows an operator to perform an intervention remotely from the
cockpit. The robotic arm is mounted to the table and contains the robotic drive and
the attached single-use cassette (Figure 2). The arm is flexible, so an optimal angle
positioning to the access site is achievable. The single-use cassette holds the wire,
stent or balloon if loaded into the system and it is connected to a guiding catheter.
In order to establish a stable connection with the guide catheter, it has a support
track that prevents bending or bleeding while manipulating with the catheter. The
cockpit and the robotic drive are connected via communication cables. The system
is compatible with 0.014-inch guidewires, rapid exchange (RX) catheter, balloon
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Robotic drive Extended reach arm

Single-use cassette

Arm unlock button

Fine-tune controls

Figure 2.
The CorPath system’s robotic arm loaded with a single-use cassette. The whole set-up is mounted to the surgical
table (© Corindus Inc., used with permission) [5].

and stent systems. Additional feature is to measure lesion length by passing the
balloon through it then retracting it. The advance and retract functions operate
with a 1 mm increment. Through the joysticks the operator can manipulate with the
wire and the rapid exchange devices, but the guide catheter control is not available
in the CorPath 200. Therefore, a target vessel has to be approached manually. For
the wire rotate, advance and retract functions are available, but for the RX devices
rotate is not.

3.3 CorPath GRX

The next generation Corindus robotic system is the GRX. The major advantage is
that it includes an active control on a guide catheter. Thus, the catheter has similar
features as a wire in the CorPath 200 system, which is advance retract and rotate.
This addition involves an extra joystick inserted into the control panel (Figure 3).
The extent of guide catheter remote movement is 20 cm, therefor the target lesion
has to be approached manually by the operator, but crossing the lesion and device
delivery can be completed with the robot.

Another feature is the bedside touchscreen on the robotic drive that allows
device exchange. This generation of CorPath robots have a turbo button which
facilitates faster device movement and also a rotate-on-retract (RoR) function
[9, 10]. RoR if turned on is an automated movement of the wire that provides a
270-degree rotation of the wire every time its retracted, which facilitates target
vessel/side-branch cannulation mimicking manual rotation of the guidewire.

The newest features of the GRX are the wiggle, spin and dotter options. All of
these were implemented based on experts’ different lesion crossing techniques.
The wiggle oscillates the guidewire upon advance to prevent prolapse in tortuous
anatomy. The spin utilizes clockwise and counterclockwise rotation of the guide-
wire, while the dotter can be used for narrow or calcified lesions based on its small,
rapid back-and-forth movements during advance.

Every generation of Corindus robotics are platform independent, which means
that they are compatible with every type of operating room or catheter lab suite.
The robotic drive is draped to preserve sterility in an approximately 2 minutes.

The GRX system has FDA approval and CE marked, currently available to use for
percutaneous coronary angioplasties and peripheral vascular interventions. It is
commercially available and costs in between 500 and 650 000 USD, plus additional
single-use cassette and device costs [11].
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Figure 3.

The new console panel of the GRX system. The three joysticks control the wire, guide catheter and the stent/
balloon. The panel consist a touchscreen that also allows manipulation of the devices (© Corindus Inc., used
with permission) [5].

4. Clinical experience
4.1 Percutaneous coronary interventions

The first-in-human study regarding coronary angioplasty was published in
2011. Granada and colleagues reported 8 patients, who underwent PCI with the
CorPath 200 system. Their data showed a 97% decrease in radiation exposure to
the operator with a 97.9% procedural success rate [4]. The first multicenter study
with robotic-assisted coronary interventions was the PRECISE study (percutaneous
robotically-enhanced coronary intervention) [12]. The study was conducted with
the CorPath 200 system and enrolled 164 patients with simple coronary lesions.
The inclusion criteria were coronary artery stenosis above 50%, with the diameter
in between 2.5-4 mm and with a length that could be covered by one stent. This
prospective trial reported a 95.2% decrease in radiation level and a 97.6% success
rate. The improvement of the newer generation devices allowed a wider potential
application for the robotic assisted therapy as well. The CORA-PCI (Complex
Robotically Assisted Percutaneous Coronary Intervention) trial focused on patients
with complex coronary artery lesions. Patients were treated by a single operator
and a total of 334 PCI-s were analyzed [13]. The results reported a 91.7% technical
success and a 99.1% clinical success with robotic-assisted PCI. The study showed
that the approach is a viable alternative to manually conducted PCI-s. Regarding
postintervention outcomes [14] Walters and colleagues reported non-inferior
results in major adverse (cardiac) events at 6 and 12 months also [15]. In 2020, Patel
et all. Published their data showing a significant reduction in radiation exposure to
patients and medical staff also [16].

4.2 Peripheral vascular interventions
The first-in-man study evaluating efficacy of robotic-assisted peripheral arterial
lesion cannulation was a prospective, single-armed study by Bismuth et al. [17].

The trial focused on navigating successfully and safely through lesions ranging
from simple to complex. The results showed a 100% successful navigation rate
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and 19 of the 20 lesions were able to be treated by robotic-assisted means using the
Magellan system. This study concluded that the robotic-assisted cannulation and

treatment are feasible options even for complex peripheral arterial lesions. Table 2
summarizes the clinical studies completed with the CorPath 200 system (Table 2).

The RAPID (Robotic-Assisted Peripheral Intervention for peripheral arterial
Disease) trial was a single-arm prospective non-randomized study with symptom-
atic PAD patients [18]. The inclusion criteria were life-limiting femoro-popliteal
stenoses above 50% or occlusion. Total of 20 patients with 29 lesions were treated,
primary endpoints were technical success and safety, secondary endpoints included
clinical procedural success, fluoroscopy time, contrast volume, procedure time, and
adverse events. The procedures were performed from an antegrade femoral punc-
tures, balloon angioplasty alone was performed in 65.5% and in the rest of the cases
manually deployed stenting was required. The study reported 100% technical and
clinical success without any significant major adverse event. The study’s secondary
outcome also demonstrated a reduced fluoroscopy time compared to studies treat-
ing similar lesions in a conventional manner. These favourable results provided the
CorPath system F.D.A. approval for peripheral vascular interventions.

In 2020, the results of the RAPID II trial were published. This study focused on
robotic-assisted drug-eluting balloon deployment in the peripheral vascular system
[19]. The data of 20 patients reported technical success in all cases, without any
major adverse events associated with the device.

The robotic system was used in the below the knee region also. Successful treat-
ments were presented in the posterior tibial artery, tibio-peroneal trunk and in the
proximal peroneal artery also [20].

A case-series of robotic-assisted percutaneous renal artery stenting has also been
published with promising results and no major adverse events reported [21, 22].

4.3 Endovascular aneurysm repair (EVAR) and robotic assistance

Complex aneurysm treatments are technically challenging and more time
consuming, therefore both the patient and the medical staff are exposed to
higher radiation. The optimistic results from robotic-assisted target lesion/vessel
cannulations pioneered the use of the system in endovascular aneurysm repairs
also [23]. A feasibility study on an aortic model with the Magellan system showed
lesser cannulation time, reduced radiation exposure and reduced number of
catheter movements [24]. They highlighted also that with the assistance of the
robot to overcome complex cannulations it is not necessarily required to have a
well-experienced operator. In another arch model they concluded that robotic

Clinical trial Year of Intervention  Treated  Technicalsuccess  Clinical success
publication lesions rate (%) rates (%)

Peripheral vascular

RAPID [18] 2016 R-PVI 20 100 100

RAPID II [19] 2018 R-PVI 24 100 100

Coronary

PRECISE [12] 2013 R-PCI 164 976 98.8

CORA-PCI [13] 2016 R-PCI 157 91.7 991

REMOTE PCI [16] 2017 Tele-PCI 22 86.4 N/A
Table 2.

Robotic-assisted clinical studies.
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assistance reduced vessel wall contact and reduced navigational time [25]. More
precise navigation was seen in human subjects as well. Comparing conventional
and robotic catheter placement and retraction in patients undergoing TEVAR
[26]. They recorded a significantly reduced cerebral embolization with the
system, which was associated with the lesser number of catheter-vessel wall
contacts during the procedure. There is no data currently available with the use of
Corindus robotics in EVAR.

4.4 Carotid and neurointerventions

Robotic-assisted carotid artery stenting is the boundary of peripheral and
neurointerventions. A recently published prospective feasibility study enrolled
13 patients who underwent this procedure. They reported technical success in all of
the 13 cases, without postoperative neurological complications using the Magellan
system [27].

The CorPath system underwent several modifications to become applicable
in the field of neurointerventions. One of these modifications is the additional
Y-adapter that enables the use of additional microcatheters, another modifica-
tion is the active device fixation, which allows the operator to maintain guidewire
position during catheter movements. Active guide catheter control also supports
vessel cannulation [28]. A preclinical feasibility study on a porcine model was
conducted to prove safe robotic navigation in neurovasculature sized vessels of the
pig [29]. Based on this trial the use of the CorPath GRX system was authorized in
New-Zealand, Australia and the European Union. Although the first-in-human use
of the robotic system happened in Canada, when a basilar aneurysm was treated
with robotic support [30]. Britz et al. used the GRX system to treat arterio-venous
malformation by embolization in a pig model [31].

4.5 Robotic-assisted remote interventions

The upgrade on the CorPath system allowed the GRX model to be controlled
remotely. Hence tele-stenting become a possible treatment option and a new aspect
of robotic-assisted therapies become available. This approach does not require the
operator to be in the operating room or next to the patient, the whole system is
capable of being controlled from another hospital or office through telecommuni-
cation. The setup is provided by local area network and the two sites are using tele-
presence systems. This includes patient’s vital parameters, live or stored fluoroscopy
data displayed on monitors and an additional monitor with an overall view of the
suite. Communication between the medical staff can be enhanced through wireless
headsets [32]. There are multiple studies discussing the safety and feasibility of
remote PCI [33-35]. Key factors of the procedure are the network stability and the
communication of the medical team. Studies on simulators and on in-vivo models
focusing on network latency reported that signal transmission should be below
250 ms not to influence the procedure outcome. The tele-stenting involved five
in-human PCIs with a 53 ms mean command delay from a 20 miles distance [36].

5. Limitation of the CorPath system
Currently both the CorPath 200 and the GRX model are only compatible with

0.014-inch wires and rapid exchange delivery systems. The upcoming generations
of the CorPath systems will be able to manipulate 0.035-inch wires also, which will
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provide better support for more challenging procedures and could broaden the area
of robotic-assisted procedures.

Results of robotic-assisted peripheral vascular interventions have been
presented in several regions, but the utility of this approach remains unclear in
complex and different scenarios such as chronic total occlusions, severely calcified
lesions or obliterative diseases affecting bifurcations. Currently there is no data
available in the use of mesenteric or celiac interventions and also the system was
not yet used for EVAR. Although there is a demand to perform parts of complex
aneurysm procedures to reduce radiation exposure and to reduce manipulation and
the number of wire-vessel wall contacts. Active control of the guiding catheters
may provide a possible solution to this problem [31].

It is important to emphasize that the published trials and studies reported excel-
lent outcomes and good intravascular navigation, the absence of haptic feedbacks
may have an effect on procedural outcomes [23]. This could be an important factor,
when maneuvering in smaller vessels like coronary, cerebral and visceral vessels.
For this reason, the precise control over the endovascular devices is mandatory and
a crucial factor of procedural success [5].

6. Future prospects

Robot-assisted endovascular therapy has its benefits and limitations, but it is
relatively a new option in the armamentarium of endovascular specialists. The
persistent improvements and expanding indication fields provide a faster evolution
and modifications of the toolset used for endovascular procedures. Many of these
new techniques might not be implemented into robotic-assisted interventions, but
basic procedures like vessel cannulation, angioplasty, stenting, angiography or coil
delivery become possible to accomplish by robotic assistance.

The advancement of robotic techniques could provide better intravascular
navigation and result in significant radiation time decrease for procedures requiring
advanced endovascular techniques. One of the advantages of robotic-assisted device
control is the stable and reliable manipulation compared to manual manipulation.

The first studies regarding tele-stenting were a milestone for robotic assisted
endovascular therapies. This feature can overcome the burden of patient transporta-
tion in diseases where time window dictates patient outcome like stroke management.

The interest in remote stroke interventions is especially high as it shows an
increasing trend in overall US population and recent thrombectomy interven-
tions provided significant improvement in stroke outcomes. These procedures
require experienced staff and immediate action, the treatment option is cur-
rently not available for great portion of the residents because of geographical
difficulties. The use of tele-robotic systems in stroke management has the
capability to offer a potential solution for disseminating acute thrombectomy
care to smaller regions as well.

A key factor for remote endovascular procedure is the high-speed connection
in between the local and remote site this provides better communication in the
medical team and also an improved endovascular robotic-assisted navigation.
Performing remote robotic-assisted operation in hospitals, does not equal improve-
ment in postoperative patient care, to be able to maintain a well-functioning
center sufficient cardiovascular and neurology intensive care units are mandatory.
Therefore, the widespread of remote endovascular interventions in acute patient
care is theoretical.

The future generation of endovascular robotics will include broader device com-
patibility like 0.035-inch wires, wider-range options for guide catheters, balloons
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or stents. These would support the application of robotic-assisted endovascular
intervention in more time-consuming procedures like contralateral gate cannula-
tion during EVAR, target vessel catheterization and stenting in FEVAR or crossing
the aortic bifurcation with the up-and-over technique.
7. Conclusion

CorPath system allows to perform remote endovascular procedures, promotes
precise device navigation and reduces occupational hazards for the operator. Based
on currently available experience the system has high procedural success rate in
peripheral vascular, neurovascular and coronary interventions.
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Chapter7

Present Challenges of Robotics in
Gynecology

Pranjal H. Desai and Ryan ]. Gillentine

Abstract

Hysterectomy is one of the most common operations performed in gynecology.
In the last decade and a half, the da Vinci robotic system has gained widespread
acceptance in gynecology due to enhanced visualization and excellent dexterity
compared to conventional laparoscopic techniques. The rapid adoption of the
technology comes with unique challenges. Excluding initial acquisition cost and
maintenance cost, surgery performed robotically is expensive than laparoscopic
surgery. Higher cost on each case questions many about the viability of the robotic
platform. Several hospitals have successfully established the robotic program, but
many are reluctant to acquire expensive technology, and some are rolling back on
their decision due to various reasons. This chapter expands on those challenges,
mainly needs assessment, team building, culture of safety, learning curve, business
strategy, and return of investment.

Keywords: Robotic hysterectomy, need assessment, team building, learning curve,
culture of safety, business model

1. Introduction

Hysterectomy is the surgical procedure to remove the uterus surgically. The word
‘Hysterectomy’ is invented based on Ancient Greek hustéra, “womb” and ektomia-
“a cutting out of,” and, thus, means the removal of the uterus. Hysterectomies
can be performed by open incision, vaginally, or minimally invasively—either by
laparoscopy or robotically. Around 600,000 hysterectomies are performed in the
United States annually [1]. Out of them, 85% are for non-cancerous lesions [2].

The traditional open approach to perform hysterectomies involves making a large
incision around 10-15 cm above the pubic bone horizontally or vertically. Studies
have demonstrated that hysterectomies with open approaches have higher blood
loss, increased average length of hospital stay, and more postoperative complica-
tions in comparison to minimal invasive approach, including laparoscopic and
robotic. The laparoscopic approach has been used for more than three decades and
has become standard of care for many gynecological procedures. In 2005, the US
Food and Drug Administration approved the use of the da Vinci robotic system for
gynecologic surgeries. The use of this technology has allowed surgeons to perform
gynecologic procedures with improvements in visualization, including 3D stereo-
scopic visualization, increased range of motion with enhanced wrist movements,
and improved ergonomics with excellent dexterity compared to conventional
laparoscopic techniques [3, 4]. However, studies have not shown any difference in
operative or postoperative outcomes for patients undergoing robotic hysterectomies
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compared to laparoscopic hysterectomies [5, 6]. The robotic approach, indeed, has
longer operative times [7] for certain operations and is more expensive, not exclu-
sively limited to only operative cost (6-25% more than laparoscopy) [8] but also
initial acquisition cost and maintenance cost compared to the standard laparoscopic
approach [9]. The da Vinci system requires an initial investment of $1.5 to $2.5
million, depending on the model and configuration. Ongoing costs include annual
service contracts (ranging in price from $150 to $170 K), instrument and accessory
costs (ranging from $700-$3,500 per procedure).

Despite all shortcomings, surgeons still appreciate excellent visualization
providing [6] more precision in surgery and better ergonomics, allowing them to
do certain complex tasks, which would be very difficult with standard laparoscopic
procedure. Many studies have shown the utility of the robotic platform with better
outcomes and safety profiles for various benign conditions, including robotic
myomectomies [10] for fibroids, robotic-assisted laparoscopic sacrocolpopexy for
pelvic organ prolapse, endometriosis, benign ovarian tumors, etc. [7, 10]. The role
of minimally invasive surgery for endometrial cancer has been well established by
LAP 2 study [11, 12]. In addition, the role of robotic platform for other gynecologi-
cal cancer including early cervical and ovarian cancer have been investigated as well
[13]. In 2012, the Clinical Practice Robotics Task Force of the Society of Gynecologic
Oncology stated that robotic-assisted surgery in the field of gynecology-oncology
provides an advantage over traditional methods, including conventional laparo-
scopic approaches and laparotomies [14]. The use of robotic platform has been well
established in many gynecological procedures and in other specialties like general
surgery, urology, cardiothoracic surgery, etc. However, with higher acquisition
and maintenance costs and with no difference in reimbursement compared to the
standard laparoscopic procedure, many small community hospitals that initially
acquired a robotic platform by using all cash reserves are struggling to keep it going,
and many are rolling back on their decision in 1-3 years [8, 15]. In addition to a
higher financial burden, many other factors are roadblocks for widespread imple-
mentation or failures of robotic programs. In this article, we would like to expand
further on these roadblocks and provide reasonable, evidence-based solutions.

2. Need assessment

Prior to the acquisition of highly expensive robotic technology, ‘Need
Assessment’ is an imperative step for hospitals, especially small community
hospitals with limited cash reserve. Despite the rapid rise of robotic surgery, its
usefulness, mainly attributed to cost concern in gynecological surgeries, has been
questioned by many [16]. However, to compete with the current market and other
hospitals, regional hospitals have to enter into a ‘medical arms race” to acquire a
robotic platform [17]. Since more and more trainees graduating from residency pro-
grams are trained on a robotic platform, small community hospitals view da Vinci
as a survival tool to retain and/or recruit surgeons which will keep them in business.
It is not an uncommon belief among administrators that a robotic platform can be
used as a marketing tool to attract more patients. Medicare in the US helps to absorb
the partial cost of robotic systems for critical access hospitals based on the number
of the patients on Medicare using those facilities. However, that partial cost may
still be too much for the small community hospital with scarce resources to spend.
Therefore, they should have to have a thorough ‘need assessment’ to determine
whether the purchase of a robotic system is worth a ‘buy. ‘Need Assessment’ is
a standard industry procedure routinely being carried out in large businesses to
analyze the ‘need, which is the gap between the current condition and the desired
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Figure 1.
Important factors for need assessment.

condition. Need assessment to acquire costly surgical instruments is a multistep
process [18] including confirmation of necessity or define the need to acquire
technology from surgeons based on evidence-based science, research the market,
budget, projected rise in revenue, and room for a potential marketing strategy to
increase payer mix. It is essential that hospitals should investigate the readiness of
their surgeons to get trained, or hospitals should be recruiting new surgeons who
are already trained. Many hospitals hire independent agencies to perform market
research and viability analysis to find a sweet spot. Regardless, market research
involving a rise in case volume by getting new patients who may otherwise travel
far to undergo robotic procedure and internal research to determine the propor-
tion of current surgeries which can be performed using a robotic platform are two
extremely important data points in decision making. Balancing resource spending
and budgeting is an integral part of the financial health of any institution, and,
especially, small community hospitals walking on the thin and sharp edge of the
sword. In addition to cost-effectiveness, hospitals should focus on hammering down
the training program not only limited to surgeons but the entire operating room
team. Finally, quite often, a hospital system which acquires the da Vinci should
understand that marketing is the key to success for the program [19]. The absence
of a marketing plan in place often becomes the reason for the failure of the program
[20]. Therefore, research performed well in advance to investigate potential avenues
of marketing strategies addressing demography or geographical needs must be

well thought out prior to acquiring the system in the need assessment phase. Need
Assessment phase is not only limited to investigating and analyzing the need for the
da Vinci system (Figure 1) but also the initial planning and strategy development
phase, so that when the system is acquired, administration and the entire team have
a clear vision and direction of how they will be developing the program moving
forward.

3. Team building - the cornerstone of a robotic program often neglected
Teams in the operating room have conventionally been trained in traditional
open or laparoscopic surgery where the flow of the surgery is largely directed by

surgeons. The mere presence of the da Vinci platform in the operating room changes
many aspects of surgery as we know it, including the dynamics of the operating
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room along with the order of events preoperatively, intraoperatively, and postop-
eratively. In robotic surgery, the surgeon sits on a robotic console almost 5-10 feet
away from the patient. The absence of the surgeon at the patient’s bedside adds
additional complexity and anxiety in the operating room among the team members.
These new arrangements, including surgeon console, robotic arms, and robotic
tower, require an operating room with a surgical team that is well-trained and
understands the intricacies that go along with robotic surgeries, as well as the ability
to share the burden of problem-solving and troubleshooting any issues that may
arise throughout the process. The robotic platform brings unique challenges for the
team. For instance, in nonrobotic surgery, surgeons often communicate with their
team by signaling or often using not more than a single word [21]. Many a time,
assistants understand the need before the surgeon even utters a word. However, in

a robotic procedure, communication involves more detailed and clear instructions
like pilots communicating with each other or with a control room, and everything
needs to be loud and clear. The team needs to be trained to have effective bilateral
communication and acknowledgment of all the instructions given by the surgeon
or other way around. While traditional surgery has somewhat painted operating
rooms as very strict and technical with the surgeon as the chief of events, the robot-
ics platform enforces more of a team approach with a unique chronology of events.
Thus, building an efficient team is very crucial for the success of a robotic program.
This aspect can often be overlooked by either the hospital administration, the
surgeon, or the operating room team. This may be overlooked because the territory
of minimally invasive surgery seems familiar, but there remains the aspect of the
robotic platform, which is not so familiar including the change in dynamics of the
operating room with the integration of robotics. Therefore, the ability to have a suc-
cessful robotic program depends not only on a surgeon who is well-versed in these
technologies and surgical processes, but also a team made of members who feel like
they too are an integral part of the robotic program.

Adoption of properly designed curriculum-based training is extremely impor-
tant. This training should be subjected to all team members, including console
surgeon, anesthesiologist, bedside assistance, assistance holding the uterine manip-
ulator, and circulator. Initial training should include set up, docking, undocking,
emergency shut down, and both mechanical and electrical troubleshooting [22].
Further training should be procedure-specific, and surgeons need to be involved in
training the staff [23]. Some challenges come into play when trying to effectively
build a team capable of performing these robotic procedures correctly and effi-
ciently. For one, the surgeon must play the role of both the leader of the surgical
procedure along with the leader who can effectively troubleshoot any problems
which may arise through the process and can optimize operating with advanced
technology. Moreover, the surgical team, including the surgeon and team members,
must be willing to embrace this new technology and new approach to surgery after
many years of training and practicing in ways that are totally different. A study
published in Harvard Business Review by Edmonson compared 16 institutions that
employed a minimally invasive approach to cardiac surgery. This study showed
that some of these institutions were better able to use their experience for their
advantage than others. The study demonstrated that motivation to learn was the
most consistent characteristic with the ability to build a successful team, not the
conventional predictors like case volume or experience level [24]. Personality traits
of members of a successful team are not limited to openness to change, willingness
to seek and elicit feedback, and readiness to recognize when they make a mistake.
On the contrary, less successful programs employed leaders who were not as open to
change and were not as effective at creating an environment conducive to learning.
While this study primarily focused on cardiac surgery, the same parameters should
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apply to gynecologic procedures [25]. Thus, this idea of team building serves as
an important cornerstone in the advancement of robotic procedures in the field of
gynecologic surgery.

4. Culture of safety

The Institute of Medicine identifies patient safety as one of the key issues that
are critical for health care delivery [26]. Changes to practice patterns that are
well-established and proven to be effective always raise concerns about how they
affect the safety of the patient. The same is true, to maybe an even higher degree,
in the process of implementing complex and advanced technologies like robotic-
assisted surgical procedures. These concerns come from healthcare personnel in
every aspect of the patients’ care, including operating room staff, perioperative
nursing staff, anesthesia team members, and many others. While these concerns
may be unfounded and unproven, they could affect morale and consequently
patient outcomes [27]. Often, many hospitals implement Enhanced Recovery
After Surgery (ERAS) program with robotic procedures. Many surgeons discharge
robotic hysterectomy in a few hours after surgery. Nursing staff who are tradition-
ally trained to keep minimal invasive surgery patients at least one-night inpatient
may feel a little less safe to operate Enhanced Recovery After Surgery (ERAS)
program and help to discharge patients home in few hours after major surgery.
Studies have found that teamwork and collaboration, meetings to provide oppor-
tunities for clarification [28, 29], and staff education [30, 31] are key elements for
the success of ERAS, which again supports our argument to develop an adequate
culture of safety by proper communications with all stakeholders involved in
postoperative care, including patients. Similarly, this has been shown in several
studies that have shown that scoring higher on questions about teamwork and
better communication/co-ordination is correlated with shorter length of stay and
associated postoperative morbidities and mortalities. A study by Hughes et al.
highlighted that 40% of US hospital nursing staff think that making changes to
make improvements is difficult most of the time or all the time, which is very
relevant to the implementation of advanced technologies in medical practice [32].
Recognizing that errors are sometimes inevitable, incorporating nonpunitive
error reporting and analysis systems, a platform for open discussion, a willingness
to learn from errors, and identifying latent threats are all characteristics of strong
cultures of safety.

Three vital organizational factors are responsible for a strong environment of
culture of safety: (1) environmental structures and processes within the organi-
zation, (2) the attitudes and perceptions of workers, and (3) the safety-related
behaviors of individuals [33]. Institute of Medicine (US) Committee on the Work
Environment for Nurses and Patient Safety narrated the following essential ele-
ments of an effective safety culture. These include a commitment of leadership to
safety, empowerment and engagement of all employees in ongoing vigilance, com-
munication, non-hierarchical decision making, constrained improvisation,
training, confidential error reporting, fair and just responses to reported errors,
reporting near misses as well as errors, etc. [34]. Two major barriers have been iden-
tified in adopting culture of safety. First is ‘A nursing culture that fosters unrealistic
expectations of clinical perfection’ Nurses are trained to believe that there is no
alternative to clinical perfection, and error is the result of their carelessness that
makes them less than good nurses. Higher standards and error-free care are always
appreciated, but when that belief becomes counterproductive, it affects the overall
care and goals of any program. Therefore, it is imperative to communicate with
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nurses that error is a systemic problem and not an individual one. Their minds need
to be trained not to think any less of their colleagues when they make errors. Second
is ‘litigation and regulatory barriers’ Unfortunately, regulatory boards and the court
of law or peer review processes at hospitals again reinforce the idea of clinical per-
fection. Therefore, it is very difficult for nursing staff to deviate from the routine
practice and adopt changes that come with new technology. The culture of safety
will play a large role in the outcomes of robotic-assisted surgeries, and therefore, it
is both necessary and vital to address the changes that come with the implementa-
tion of novel technology. To develop a successful robotic program, it is important to
implement frequent reviews of outcomes, multidisciplinary discussions, develop-
ment of parameter-based new postoperative care protocols, and consideration of
recommendations and management strategies from all the team members. Thisisa
crucial part of the process of building a gynecologic surgical robotic program, and it
requires commitment from members at all levels in the health care delivery system
with a strong sense of culture of safety.

5. Learning curve

In 1885, German psychologist Herman Ebbinghaus described the concept of the
learning curve, saying, “By a sufficient number of repetitions their final mastery
is ensured [35]”. In 1936, Wright endorsed the concept of the learning curve by
hypothesizing that by increasing production one achieves perfection and, conse-
quently, requires less time to produce aircrafts. Over 1,200 robotic programs have
been established across the United States, with over 1,500 gynecologic surgeons
being trained in the technology. Along with this training, there obviously comes
a learning curve. This phenomenon is well-established with robotic surgery in all
specialties, and multiple studies have been published to discuss the learning curve
and minimum cases require to surpass the learning curve [36, 37]. The learning
curve could be different for surgeons with advanced surgical skills [38] and variable
for different portions of the same surgical procedure [39]. Acquisition and mainte-
nance of a robotic program is a costly venture [16]. Not including initial acquisition,
robotic hysterectomies cost roughly $2000 more than laparoscopic hysterectomies.
This increased cost difference is attributed to the cost of instruments (Intuitive
surgical has restricted the number of instruments in use), the costs of operating
room time, costs of staffing, costs of training, and costs of personal egos. Out of
these, the learning curve certainly accounts for the costs of increased operating
room time, costs of personal egos, costs of the number of instruments used, costs
associated with complications, etc. Therefore, before adopting a robotic program,
surgeons and hospital administration should have proper understanding of the
phenomenon of ‘the learning curve,” and its implications on the balance sheet of the
hospitals. Typically, the learning curve has been described as an S-curve or sig-
moid shape (Figure 2A). The Y-axis represents learning, and the x-axis represents
experience. Classical sigmoid behavior represents an initially slow, then rapid, and
subsequently slow improvement [40]. In most medical studies of learning curves,
the statistical approach discretizes cases into groups and uses standard statistical
methods to compare the variables. This methodology provides the statistical signifi-
cance values, but it is not always the optimal way to assess the learning curve which
is a dynamic process in which improvement occurs on a case-to-case basis.

A sensitive way to portray surgical failures that are indicative of both the early
learning curve and the post-learning curve is the cumulative sum failure analysis
(CUSUM) [41-43]. This technique not only recognizes time as an important, hidden

112



Present Challenges of Robotics in Gynecology
DOI: http://dx.doi.org/10.5772/intechopen.96780

A B C D

/ ' N

| Experience |

| Learning

B, C, D: CUSUM Curve

Figure 2.
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variable in these studies, but it also prevents the decreased statistical significance
that can sometimes accompany repeat testing. For these reasons, both the standard
statistical method and cumulative sum analysis are recommended to fully assess
new teams with accurate and objective feedback. The following formula is used

to plot the cumulative sum curve: Sn = X(Xi-Xo) where Xi = 0 means success and
Xi = 1 means failure. Xo represents the predicted risk of major adverse events. The
X-axis portrays the number of cases, while the Y-axis represents the sum of failure.
This is shown in the figure (Figure 2B). The line that trends above the baseline
portrays the learning curve or a performance that does not meet expectations.
Contrarily, the line trending toward or below the baseline portrays the performance
that is improving or the post-learning curve, respectively. The line trending below
the baseline and away from the baseline shows adequate experience or performance
that is either better or equivocal. Examples of these graphs are represented in
Figures 2B-D. Figure 2A shows the analysis of a hypothetical CUSUM analysis

of any successful procedure as explained above. Figure 2C has a curve above and
moving away from the baseline. This could represent an example of either an
unsuccessful procedure or a surgeon not passing the learning curve. Figure 2D
shows the curve representing either a surgeon with excellent skills from the begin-
ning or having escaped the learning curve that happens when skillful laparoscopic
surgeons start performing robotic cases. The assessment of learning not only plays
a critical role in development of an effective robotics program to assess the initial
learning curve, but it also provides continued monitoring by assessing the state of
the learning curve of the entire division from time-to-time which is a critical part of
arobotic program [44].

6. Business perspective and return on investment (ROI)

The most important step in acquiring technology is the financial willingness
of administration to invest in advanced technology. Therefore, understanding the
business model associated with a robotic program is critical. Unlike other indus-
tries, the healthcare industry has not experienced a paradigm shift from long-term
strategies to transient gain primarily due to the lengthy process that new medical
and surgical advancements must undergo to be accepted as a new standard of care.
To keep steady profits, companies employ many strategies. One of the strategies
is to reduce costs by increasing production and providing the most cost-effective
products to market. They often use the theory of “planned obsolescence” [45] by
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making products with reduced artificial lifespan and, thereby, get repeat sales.
One of the most effective strategies is eliminating the competition, so companies
can dictate the prices to their buyers. At present, Intuitive Inc. is the only company
that produces viable robotic technology approved for human use and unilater-
ally decides the production cost, maintenance cost, cost of equipment and other
accessories, etc. Therefore, administrators have only limited room to save money by
reducing operating time, turn-over time, and the costs associated with readmissions
and complications. On average, 150 to 300 cases annually are required for at least
six years to offset the initial and ongoing costs of the da Vinci System [46]. Figure 3
shows five industry-tested steps are important to understand in implementation of
arobotic program from a business standpoint. It is also important for administra-
tors to understand that competitive advantage is not sustainable, and therefore,
requires an evolution in business strategies over time. Thus, it is important to both
monitor and incentivize the upscaling phase along with maximizing both the
exploitation and reconfiguration stages to further optimize return on investment
(ROI) in advanced surgical technology.

Recently, a study analyzed 180,230 women who underwent laparoscopic
or robotic-assisted laparoscopic hysterectomies for either benign or malignant
indications (specifically endometrial cancer) from 2006 to 2012 [47]. This study
demonstrated that the cost of robotic-assisted hysterectomy remained high, but this
cost is offset by increased procedure volume. The use of robotic assisted technology
was also found to decrease cost for oncology cases but not in benign gynecological
surgeries. The cost difference between hysterectomies performed by three different
modalities was analyzed by Bell and colleagues [48]. Data reveals that on average,
compared to robotic procedures, the total cost for hysterectomies with staging
was approximately 30-40% higher in the procedures completed by laparotomy
(P < .005), but robotic was 10% more expensive than laparoscopic surgeries
(P=NS). It can be hypothesized that during the phase of the learning curve, there
would be major cost burdens associated with the time of the operation, turn over
time, initial complications, prolonged hospital stays for some cases, conversions to
open laparotomy, and overhead costs associated with the initial cost of acquisition.
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$

Initial Learning curve
Financial loss

Enhancing Use —)
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ROI (return on Post learning curve phase
investment) Financial gain
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Redefine business model as losing
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Figure 3.
Five important steps in implementation of a robotic program from business standpoint.
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Due to these increased cost burdens, this would potentially minimize the cost
advantage of robotic-assisted surgeries over the traditional laparotomy throughout
the learning period.

After studying various case studies and industry best practices, we proposed a
three-stage business model for a robotic program: 1) Negative earning, 2) Zero sum,
and 3) Positive earnings (Figure 4). The stage of negative earnings coincides with
the initial learning curve stage. Hospital administrators should have strategies in
place to overcome the expected financial losses during this time. The most impor-
tant strategies include low-risk case selections (which would typically offer better
outcomes and minimize risks of potential losses) and thereby ensuring excellent
patient satisfaction (which would lead to popularity and recognition of the program
and strengthen the morale of the surgical staff) and continuous monitoring of the
learning curve by various parameters such as operating time (used by surgeons),
pre-docking and post-docking time (typically used by nursing and anesthesia),
turn over time (time required from the end of one case to the beginning of next
case), complications, length of stay, etc. In the zero sum stage, transitioning from
the learning stage to the experience stage, it should be vital to market the program
with positive patient outcomes. Studies have shown [49] that more than 80% of
internet users perform research to use information to make decisions regarding
their health care choices, especially surgeries. After the learning curve has been
conquered and the program is in the stage of positive earning, administrators can
expect to acquire advantages such as expanding the payer mix, which will include
more private payers in addition to Medicare and Medicaid. Robotic surgery is
associated with an early return to work. Private employers may be more likely to
appreciate an employee’s early return to work after a surgical procedure. That may
provide leverage to hospitals to negotiate contracts that can bring to higher reim-
bursement for those procedures. Periodically, a review of outcomes and protocols
associated with credentialing and recredentialing should always be performed by a
multidisciplinary team to maintain safety standards and to avoid ‘negligent cre-
dentialing claims’ which has been increasing in the last decades in the court of law
[50]. In current, profit-driven health care economics, disciplined planning, efficient
strategy, and forecasting business models are the foundation for successful robotic
program.

Area of Zero Sum Positive Earning

Figure 4.
Hypothetical business model demonstrating sensitivity of revenue stream to learning curve.
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7. Conclusion

In conclusion, the adoption of a widespread robotics program for gynecological
surgeries has barriers to overcome. The proposed article outlines those barriers and
solutions based on literature review and our own experience. It is imperative for
hospital administrators and surgeons to understand those barriers to avoid pre-
mature frustrations and proper planning for a successful robotic program to avoid
the risk of suboptimal patient care and closure of the program before even it starts
generating the revenue. With current health care economics, return on investment
is an important concept when funds are limited, and, unlike large hospital systems
with deep pockets, administrators and surgeons of small community hospital
needs to understand above facts and take baby steps accordingly. Robotic platform
in gynecology has continued to emerge as a very legitimate challenger to both
traditional laparotomy and simple laparoscopic procedures by providing improved
ergonomics and maneuvering capabilities. By overcoming the barriers outlined
above, there is hope that robotic-assisted procedures will provide another legitimate
option to improve outcomes for patients in the future of gynecologic operations.
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Chapter 8

Robotic Myomectomy: Until
Achieving Reproductive Success,
Step by Step

Radamés Rivas Lopez

Abstract

Surgeons who practice robotic surgery in benign gynecological conditions agree
that in some cases, blood loss and transfusions are reduced, the time of hospital stay
and of reintegration to daily activities is less, although commonly in the first cases
of each surgeon surgical time may be longer than laparoscopic surgery depending on
the learning curve of each. As in any other surgical technique, it is important that the
surgeon is trained and certified in accordance with the guidelines that each hospital
institution indicates for the practice of robotic surgery and is constantly updated
through the tools provided by robotic surgery to ensure the correct use of this tech-
nology and always maintain the skill looking for the safety of the patient at all times.
Uterine fibroids, are the most common benign tumors that appear in women of
reproductive age. Depending on their location, number and size, the symptoms they
produce vary in frequency and severity. Robotic myomectomy has shown that with
a surgical team that operates frequently, it is superior to conventional laparoscopic
myomectomy, even in the area of cost/benefit. Robotic myomectomy is an accessible,
efficient and flattering pathway for patients with fibroids who want a pregnancy.

Keywords: leiomyoma, robotic surgery, myomectomy, infertility, myoma, fibroids,
fertility

1. Introduction

Minimally invasive surgery is at the forefront of technology and robotic surgery
is part of this new development.

This review includes the main gynecological surgeries that greatly benefit from
the use of this robotic technology, such as: hysterectomy, myomectomy, tubal
recanalization, sacrocolpopexy, endometriosis, and transabdominal cerclage.

Likewise, the advantages and disadvantages of this technology are analyzed,
as well as the influence of the type of training and learning curve for this type of
surgical approach.

Laparoscopic surgery has evolved rapidly in various specialties, in the area of
gynecology, robot-assisted surgery is used in different procedures, mainly in hyster-
ectomy for benign diseases and myomectomy, also in cases of tubal recanalization,
lymphadenectomy, endometriosis and sacrocolpopexy.

Robot-assisted surgery managed to develop technical advances that surpass
laparoscopic surgery such as:
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Vision in third dimension (3D)

High visual definition on the console

Movements of the forceps similar to those of the doctor’s hand
Better ergonomic position during surgery that avoids fatigue.

Surgeons who practice robotic surgery in benign gynecological conditions agree
that in some cases, blood loss and transfusions are reduced, the time of hospital stay
and of reintegration to daily activities is less, although commonly in the first cases
of each surgeon surgical time may be longer than laparoscopic surgery depending
on the learning curve of each.

There are different opinions regarding the advantages and disadvantages that
robotic surgery offers vs. laparoscopic surgery in benign gynecological conditions,
which is why the advantages of this system and/or surgical approach should be
known as in any other type of surgery, as well as the potential risks inherent in all
surgery and notify the patient through an informed consent before the intervention.

As in any other surgical technique, it is important that the surgeon is trained and
certified in accordance with the guidelines that each hospital institution indicates
for the practice of robotic surgery and is constantly updated through the tools
provided by robotic surgery to ensure the correct use of this technology and always
maintain the skill looking for the safety of the patient at all times.

2. Fundamental principles to consider

Uterine fibroids, also known as fibroids or lelomyomas, are the most common
benign tumors that appear in women of reproductive age. Depending on their loca-
tion, number and size, the symptoms they produce vary in frequency and severity.
There is scientific evidence that fibroids interfere with sperm migration, oocyte
transport and embryo implantation due to endometrial inflammation or vascular
alterations that they produce. Approximately 5 to 10% of infertile women have
fibroids and their presence is the only abnormal factor found in up to 4% of them
[1]. At present, in women of reproductive age with gestational desire and presence
of fibroids, myomectomy is probably the treatment of choice.

Technology continues to evolve and expand conservative treatment options for
women who desire fertility preservation. There are some techniques for this, such
as: uterine artery embolization, high-frequency ultrasound guided by magnetic
resonance imaging, and radiofrequency ablation. However, myomectomy remains
the gold standard for women with infertility who suffer from uterine myomatosis
and wish to become pregnant later [2].

The relationship between fibroids and fertility continues to be debated, espe-
cially with regard to intramural fibroids. It is generally accepted that submucosal
fibroids decrease fertility and that subserous fibroids have little or no influence in
this regard [3]. However, according to some reports, intramural fibroids that do
not affect the cavity are also associated with unfavorable reproductive outcomes.
Analysis of prospective and retrospective studies shows that intramural fibroids
that do not distort the cavity have a significant adverse effect on live birth rates in
women undergoing in vitro fertilization [4].

The impact of intramural fibroids that do not distort the endometrial cavity has
been a point of constant controversy, especially when choosing the most appropri-
ate therapeutic strategy, and as occurred in our study, intramural fibroids were the
ones that were found more frequently in patients, without However, it is important
to take into account the live birth rate and not only the postoperative pregnancy
rate, since fibroids can be associated with an unfavorable obstetric outcome.
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A meta-analysis carried out by Sunkara and Rikhraj years later indicated that the
presence of intramural fibroids that do not distort the cavity is associated with an
adverse outcome in women undergoing treatment of In Vitro Fertilization (IVF), it
is mentioned that the live newborn rate in patients with fibroids is 21% lower than
in women without fibroids [3, 4].

Those intramural fibroids that do not affect the cavity, the size of the same is
still a point of debate, it is generally taken as a cut-off point for myomectomy those
intrmaural fibroids that do not affect the cavity but are greater than or equal to 4 cm
[5, 6]. As occurred in our group of patients, all intramural fibroids were at least 4 or
more centimeters tall. In these cases, the route of choice for the surgical approach is
preferably by minimally invasive surgery.

The surgical route of choice depends on two fundamental factors: the fibroid
itself, its location, its number, size and the experience of the surgical team.
Submucosal fibroids are treated hysteroscopically, while intramural and subserous
fibroids can be treated laparoscopically, robotically, abdominally, or vaginally.
Whenever possible, the route of choice should be through minimal access surgery,
since there is a solid scientific basis in which it is shown that with the robotic lapa-
roscopic, conventional laparoscopic or vaginal approach, there is less intraoperative
blood loss, a lower rate of adhesions, less postoperative morbidity, and fewer days
of hospitalization than with open myomectomy [7]. It should be noted that a recent
study reported a faster return of patients to their work and/or daily activities after a
myomectomy for minimally invasive surgery [8].

In this same sense, robotic myomectomy has shown that with a surgical team
that operates frequently, it is superior to conventional laparoscopic myomectomy,
even in the area of cost/benefit [9]. And it is that if you have a team made up of
anesthesiologists, surgeons, nurses and doctors who regularly perform this type of
robotic approach, efficiency, economy, shorter surgical times are achieved and the
results are effective and at a reasonable cost. Even as Wu mentions, more studies are
needed to determine which patients would benefit greatly from a robotic approach,
both in terms of patient outcomes and cost-effectiveness [10].

Takmaz et al. It compared symptom severity and health quality outcomes for
women who underwent laparoscopic and robotic myomectomy. Finding that both
laparoscopic and robotic myomectomy provides significant reductions in the severity
of fibroid-associated symptoms and a significant improvement in quality of life 1 year
after surgery. The rate of improvement was comparable for both procedures [11].

However despite the evidence that minimally invasive surgery is preferable
to laparotomy, most myomectomies are still performed by laparotomy. Robotic
surgery was introduced to eliminate or improve some of the difficulties associated
with laparoscopic surgery. We know that a myomectomy is a surgery that requires
suturing in several planes, in different directions and with different cancelations,
where it was planned that the characteristics of a surgical robot that would help to
carry out this work would be of great value. Robotic myomectomy has now been
shown to be efficient and safe by a vast bibliography, its results are similar to lapa-
roscopic surgery, although the robotic procedure is associated with a higher cost.
The introduction of robotic surgery has expanded the indications for minimally
invasive myomectomy to more complex cases that were previously performed using
laparotomy. Despite everything, and as Lonnerfors points out, no randomized,
prospective and controlled trials have been published that compare the different
approaches to a myomectomy in order to make an analysis and from there derive the
best recommendations based on the evidence [12].

There are two meta-analyzes that can be cited, the first by Lavazzo et al. The
premise was to demonstrate that robot-assisted myomectomy was an equally
safe and effective treatment option as laparoscopy and open surgery for uterine
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myomatosis. It was found that regarding the comparison between the robotic and
laparoscopic technique, no significant differences were found between both types
of surgery. Concluding that the minimally invasive approach has the advantage of
less blood loss, less need for transfusion and shorter hospital stay. Suggesting that
long-term outcomes required clarification, including pain control, fertility, and
postoperative pregnancy rates, as well as possible recurrence rates [13].

Two years later, Wang et al. They carried out a new meta-analysis on our subject
and concluded that compared to the laparoscopic and abdominal approaches,
robotic surgery is significantly associated with: lower indices of complications,
lower conversion rate of the procedure and less operative bleeding [14].

The results in functional terms after performing a myomectomy by any approach is
to achieve the birth of a healthy baby. In Mexico, the first successful report on a robot-
assisted myomectomy was made by our surgical team [14]. However, in this area there
are not such drastic conclusions about the approach in favor of one or another tech-
nique according to the superiority of its reproductive results and the absence of ran-
domized studies that compare the different surgical approaches in this regard. However
Jayakumaran in a comparative analysis of the role of robot-assisted laparoscopy in the
field of reproductive surgery the reported advantages and limitations of the use of
robotics in reproductive surgeries such as myomectomy, among others. He found that
robotic assistance in reproductive surgery presented decreased blood loss, less post-
operative pain, a shorter hospital stay, and a faster convalescence, while reproductive
outcomes were similar in the other approaches. He likewise found that robotic surgery
was as safe and effective as conventional laparoscopy, representing a totally reasonable
alternative to the abdominal approach. He suggesting that procedures that are techni-
cally challenging with the Conventional laparoscopy could be performed with robotic
assistance due to its advantages of better visualization and Endowrist™ movements
(similar to the wrist of the human hand) that allow for precise suturing. This helps to
overcome the limitations of laparoscopy, especially in complicated procedures, and can
shorten the learning curve of minimally invasive surgery. Thus justifying the controlled
and randomized studies that compare the short and long-term results to strengthen the
role of robotic surgery in the field of reproductive surgery [15].

Regarding efficiency with good results, fundamental characteristics in surgi-
cal procedures, there is the question that up to what number of fibroids would it
be possible to remove by minimally invasive surgery?(16), particularly in robotic
surgery. Kim et al. They demonstrated that it is feasible to perform a robotic myo-
mectomy in patients with up to 20 fibroids, preserving efficiency and good post-
operative results, being even a faster procedure than the open myomectomy with
which it was compared in the study [16, 17].

3. Robotic myomectomy: step by step

The first step is to have a good imaging diagnosis, with magnetic resonance
imaging the ideal study at this time for this as sown in Figure 1. This must be
interpreted correctly by the surgeon, since it is the GPS to achieve success in terms
of removing the number of fibroids and planning the hysterotomy.

The second step is planning regarding the configuration of robotic ports for suc-
cessful intraoperative development, taking into account the following philosophy:

In robotic myomectomy, if the objective is below the umbilical scar, we can place
the robotic lens at the umbilical level. But if the objective is at the umbilical level
or above it, then we need an adequate working distance of between 7 and 10 cm,
depending on the case to be able to develop our work well and then the lens must be
at that distance level as shown in Figure 2.
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Figure 1.
Protocol magnetic resonance imaging for fibroids localization.

Finally the development of the surgery step by step is as follows:

1. Infiltration of the myometrium with dilute vasopressin. As shown in Figure 3.

2.Incision of the myometrium with scissors or monopolar hook in arm 1 using
the monopolar energy judiciously and without excess (maximum 35 Watts). As

shown in Figure 4.

3.Traction and countertraction technique until complete enucleation of the
myoma, using a tenaculum for greater efficiency. As shown in Figure 5.

4.The myometrium is observed and the intact endometrial dome is observed in
the center, and we do not recommend using it as much as possible as it dries

and necrotic the myometrial tissue. As shown in Figure 6.

5.The closure of the myometrium is in three planes with preferably barbed
suture that reduces operative times and reduces bleeding. As shown in Figure 7.

6. After the repaired uterus, hemostasis is verified. As shown in Figure 8.
7. At the end of the uterine suture, the robot was undocked and the fibroid was

extracted by using of contained electrical or not electric morcellation. As
shown in Figure 9.
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Figure 2.
Port placement configuration.

Figure 3.
Infiltration of the myometrium.

In our country there has been a good acceptance for the use of this platform in
cases of myomectomies including the birth at the end of babies without the fear of
a major complication such as uterine rupture. Thus showing that robotic myomec-
tomy is an accessible, efficient and flattering pathway for patients with fibroids who
want a pregnancy.

We must point out that our group performs robotic myomectomies with only
two arms apart from the robot chamber, and we believe that it is essential to main-
tain a controlled cost in the operative processes without skimping on good results.
The vast majority of the aforementioned and currently available studies have
performed robotic-assisted laparoscopic myomectomies with four arms, that is, a
central port for the camera and three robotic ports plus the necessary accessories,
which is usually at least one. More. That gives you certain operative advantages
but in most cases few cosmetic advantages and if it is to invade as little as possible
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Figure 4.
Incision of the myometrium.

Figures.
Myoma enucleation.

it would be prudent to use as few ports as possible. This challenges even more any
surgical plan, but provides greater esthetics, less invasion with cost containment for
the benefit of all, patient, hospital and third-party payers if applicable, which is in
the end what is sought, good results with minimal access.

Finally we do the following historical reflection:

1. A robot must not harm a human being or, because of its inaction, let a human
being suffer harm.

2. A robot must obey orders given by a human being, except when these orders
are in opposition to the first law.

3. A robot must protect its own existence, until this protection is not in conflict
with the first or second laws.
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Figure 6.
Intact endometrial dome and less use of energy.

Figure7.
Total myometrium closure.

The above is an excerpt from Isaac Asimov’s futuristic novel: Me, a robot written
in 1950 and showing how human beings have always maintained a special interest
in the robotic theme [18]. What awaits us in the future? we will know soon.

4, Conclusion

Technology continues to evolve and expand conservative treatment options
for women who desire fertility preservation. Whenever possible, the route of
choice should be through minimal access surgery, since there is a solid scientific
basis in which it is shown that with the robotic laparoscopic there is less intraop-
erative blood loss, a lower rate of adhesions, less postoperative morbidity, fewer
days of hospitalization and a faster return of patients to their work and/or daily
activities.
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Figure 8.
Verify hemostasis.

Figure 9.
Contained morcelation.
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Orthopedic Bone Drilling Robot

ODRO: Basic Characteristics and
Areas of Applications

Tony Boiadjiev, George Boiadjiev, Kamen Delchev,
Ivan Chavdarov and Roumen Kastelov

Abstract

The orthopedic manipulation “bone drilling” is the most executed one in the
orthopedic surgery concerning the operative treatment of bone fractures. The drill-
ing process is characterized by a number of input and output parameters. The most
important input parameters are the feed rate [mm/s] and the drill speed [rpm].
They play significant role for the final result (the output parameters): thermal and
mechanical damages of the bone tissue as well as hole quality. During the manual
drilling these parameters are controlled by the surgeon on the base of his practical
skills. But the optimal results of the manipulations can be assured only when the
input parameters are under control during an automatic execution of the drilling
process. This work presents the functional characteristics of the handheld robot-
ized system ODRO (Orthopedic Drilling Robot) for automatic bone drilling. Some
experimental results are also shown. A comparison is made between the similar sys-
tems which are known in the literature, some of which are available on the market.
The application areas of ODRO in the orthopedic surgery practice are underlined.

Keywords: automatic bone drilling, handheld robotized surgical drill, speed control,
orthopedic surgery

1. Introduction

The bone drilling process is a basic manipulation in the osteosynthesis of the
bone fractures. Osteosynthesis is a surgical procedure, which stabilizes and joins
the ends of fractured (broken) bones by mechanical devices such as metal plates,
screws, pins, rods, wires. Nowadays by statistics every year about one million
people in Europe need such an operation where implants into bones are inserted.

The process of bone drilling is characterized by a number of input and output
parameters. The input parameters define the conditions under which the process
occurs, while the output parameters determine the outcome of the process.

The input parameters as feed rate [mm/s] and drill speed [rpm] are of the great-
est importance for the final result of the drilling process: thermal and mechanical
damages of the bone tissue, hole quality, second cortex breakthrough detection and
penetration depth in the case of bicortical bone drilling.

A large amount of researches have been published related to the influence
of these parameters on the bone drilling process. Only publications, indexed in
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SCOPUS, related to the bone drilling process, are above 3000 since 2000 [1], which
proves the importance and relevance of researches in this area.

Most of the drilling operations in orthopedic surgery are done manually (non-
automatically) by hand drills and drilling performance depends on the surgeon’s
manual skills and ‘drilling by feeling’ [2]. That means recognizing the breakthrough
detection (identification of the moment of time when the drill bit exits the second
cortex), working with drilling rate good enough not to cause any damages to the
bone or soft tissues closed to it [3].

The influence of the subjective factor is a prerequisite for the emergence of a
number of problems in manual drilling. The most significant ones are:

* Wrong recognition the breakthrough detection in bicortical bone drilling. That
means risks of damage of the bone, muscles, nerves and venous tissues when the
drill bit does not stop immediately after coming out of the second wall of the bone

» Thermal osteonecrosis of bone cells as a result of bone drilling process. That
means reduction the implant-bone pull-out strength.

Osteonecrosis is a kind of the health status depending on various conditions
which lead to bone death [4]. The result is loss of blood supply or death of bone
cells. It can be classified as vascular, infective, drugs or toxins, inflammatory,
congenital, autoimmune, traumatic and endocrine or metabolic. One specific kind
of traumatic osteonecrosis is thermal necrosis of bone.

The question of subjective factor reduction has its answer — automatic bone drill-
ing. The use of robots would have a significant role for eliminating or minimizing the
human error.

Robot applications possibility increase in the orthopedic surgery since 2000 [5, 6]
but still they are rare in usage for the sake of their high cost. For example, ROBODOC
(Curexo Technology Corp.) is applied for hip joint arthroplasty and costs 600 000
$ while RIO (MAKO Surgical Corp.) - 1000 000 $ [7]. Nevertheless, the operation
costs in social aspect decrease: patient recovery period is less than conventional one;
complexity of the surgeon’s manipulations and the risk of his potential errors become
smaller [8]. On the other hand, the robot application in surgery requires specific
maintenance and training of the medical staff aiming to guarantee the patient safety.

The first efforts for robot application in the orthopedic surgery are based on the
industrial manipulating systems. The advanced tendency is oriented to a design of
manipulative systems according to the specifics of concrete orthopedic manipula-
tions aiming maximally simplification of robot mechanics [9, 10].

Thus so called Handheld Robotized Systems appear [11]. The handheld robot-
ized systems answer entirely or partially to the definitions of robot [12] and robotic
surgery nowadays has accepted the definition [13] of the Society of American
Gastrointestinal and Endoscopic Surgeons and Minimally Invasive Robotic
Association (SAGES-MIRA) Robotic Consensus Group.

The purpose of handheld robotized systems development is to reach the accuracy
and precise working of the stationary multifunctional robots. Currently the follow-
ing devices are available on the market and in the orthopedic surgery practice:

* handheld robotic device SMARTdrillR
It is developed by US Company SMD Inc. (Smart Medical Devices) and first
time is presented in 2017. It measures the hole depth in real time and eliminates the

plunge after the far cortex [14, 15]. SMARTdrillR has two motors: for rotation and
for linear translation of the drill bit along the drilling direction. The data transfer
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between the SMARTdrillR and its control system is wireless. The drill bit and bone
position are shown by LED indicator. The thrust force is not under control but it is
only limited by the harp motion. The speed is set preliminary. The decision to stop
drilling is taken by the surgeon. The experimental data are obtained for specimen
simulating the bi-cortical bone features. They are reported when made under ideal
conditions - simulated specimen with constant density (not bone) and flat surface
of walls. The stop decision for drilling is manual (not automatic). The surgeon’s
decision is taken according to the data on the display which may cause a subjective
error. The overheating problem prevention is not commented.

* surgical drill device IntelliSense

It is developed by “McGinley Orthopedic Innovations”, US [16] and has two work-
ing regimes: conventional (Free Hand Mode) and bi-cortical. In bi-cortical regime
the surgeon receives the signals from the device when the drill bit is close to the end
of far cortex. This helps to him to stop drilling on time avoiding undesirable penetra-
tion in the soft tissues. The surgeon controls the thrust force himself all the time. No
information is given for the criterion to stop rotation after the breakthrough and for
penetration of the drill bit after the far cortex end. This system is not a robot accord-
ing to the accepted definitions but allows receiving information for already drilled
depth and far cortex end in real time. Among its disadvantages are no thrust force
control, no prevention of overheating, and no automatic detection of breakthrough.

* handheld robotized system DRIBON [17].

It is still under development. This system is oriented to bi-cortical drilling only
and especially for precise breakthrough detection and automatic stop of drilling.
The stop decision is based on control algorithm where error of the feed-back posi-
tion is analyzed during the motion. Constant speed is set in linear motion law and
the maximal thrust force which can be applied is restricted. But the drilling time is
over 400 s for cow bone bi-cortical drilling as it is reported standing on the experi-
mental results which is very large time in comparison with the surgical practice.
That reflects to high temperature in drilling zone (data for the temperature devia-
tion are not reported) which causes negative results.

2. Orthopedic bone drilling robot ODRO

Many papers and books are written which are devoted to various aspects of
robots. Lots of authors of different nationalities have given many arguments trying
to confirm their arguments concerning the robot understanding, characteristics and
definitions [18]. Nevertheless some variations appear about the attempts to formu-
late a unified definition - the general point of view includes several main features
needed to describe a device or machine as a robot. So, these general common
characteristics which an object must have to be really called a robot are as follows:

* Mechanical system

* Driving system

 Sensor system

* Computer control system
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They are necessary but not sufficient conditions. For example the control system
must be considered together with software and corresponding interface which
looks after the connection and communication with environment. Moreover, the
software must have possibilities for reprogramming the motion of the mechanical
system concerning its positioning or trajectory tracking. And the most important
thing — the system has to be autonomous one, i.e. it must be able to take decisions of
its own. The last characteristic is not fulfilled for the objects operating under human
being control. For instance, some people used to call them also as “robots” but that
is an error — the true is that they are telemanipulators.

2.1 Basic subsystems of the ODRO

ODRO - Orthopedic Drilling Robot [11, 19] consists of control/power block and
handheld surgical drill (Figure 1).

2.1.1 Mechanical system

Mechanical structure (surgical drill) with two degrees of freedom is proposed
(Figure 2). It has one translation and one revolute joint with co-linear axes, where
q and q; are corresponding generalized coordinates. The new assembly drawing
which corresponds to the new construction is shown in Figure 3.

Both actuators are mounted inside the drilling module. All parts of the mechani-
cal module are made by stainless steel material for assuring the sterility require-
ments. The machine allows gas chemical sterilization before every manipulation.

2.1.2 Driving system

The drill bit rotation (0-1000 rpm) is realized by BLDC (Brushless Direct
Current) motor “MAXON EC-4-pole 30” assuring 1.66 Nm torque (Maxon Motor
AG, Shwaiz). These motor types have many advantages. Among them are better
speed versus torque characteristics; high dynamic response; high efficiency; long
operating life; noiseless operation; higher speed ranges; rugged construction etc.
These features make the chosen motor useful for applications especially in cases
where the space of work and the motor weight are critical factors.

Figure 1.
ODRO - Control block and handheld surgical drill.
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Figure 2.
Kinematic scheme of the mechanical structure.

Figure 3.
The new assembly drawing and the numbers velated to the main components: BLDC motor MAXON EC-4-
pole 30 (number 3); step motor type 43000-17 (number 6) and force sensor LMB-A-200 N (number 8).

The linear motion (0-100 mm) is driven by step motor type “43000-17”
(Haydon Switch & Instrument Inc.) which can apply thrust force up to 120 N
in velocity range 0-9 mm/s. It is stepper motor with embedded screw for linear
motion. It has high precision at low speeds, small by size and realizes translation of
1 mm for 4032 micro steps.

2.1.3 Sensor system

The system has force feed-back which is assured by force sensor “MLP-25,
“Transducer Techniques” having measurement range up to 120 N [19]. In the next
version of the system this force sensor is replaced by “LMB-A-200 N (KYOWA)”
[11] because it is more compact, lightweight (6 g), has low price and measurement
range up to 200 N.

2.1.4 Control system

The control system is on the base of one axis stepper controller/driver TMCM-
1110 (TRINAMIC, Hamburg, Germany). This module controls the linear motion
and keeps the bone drilling process control program to be realized successfully.

The servo controller/driver “1-Q-CE Amplifier DEC 50-5” with build-in speed
PID-regulator controls the BLDC motor.

Terminals for connection with PC are also built-in in the control block. They give
a possibility to re-program the software, which is recorded in the “TMCM-1110”
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module, to change and update the programs and to transfer the information between
the control module and PC while the drilling is executed in real time.
2.2 Technical data and functional characteristics
2.2.1 Technical data of the robotized surgical drill
» weight-2.3 kg
» working zone - 0 - 100 mm
* precision- 0.1 mm
» working regime
* “hand”
* automatic
* drill speed (rotation speed) — 0-1000 rpm
* feed rate (translation speed) — 0 — 6 mm/s
* drill (thrust) force — up to 120 N in the feed rate range 0-6 mm/s
* drill torque — 1.66 Nm in the drill speed range 0-1000 rpm
* real time depth measurement of the hole depth

* auto-stop after the end of the far (second) cortex

* minimal drill bit penetration after the end of the far (second) cortex in the
range of 0 -1 mm

* feed rate control during drilling

The following indications can be seen on the control/power block:
* emergency indication

* digital display

* drilling mode buttons

* confirm button

Control systems give information for the drilling execution, for successful end
of the task and for emergency situation.

2.2.2 Functional characteristics
Our Orthopedic Drilling Robot has two working modes: manual and automatic.

In manual regime it is like a usual drilling device. The rotational speed is regulated
by potentiometer in the range 0-1000 rpm.
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The automatic working can be separated in three sub-modes:

Fixed depth - drilling of a hole with preliminary set depth of the hole in mm;
Cortex I — first cortex (unicortical) drilling;

Cortex II — both cortices (bicortical) drilling.

The latter mode (Cortex II) in turn supports three sub-modes:

* Cortex II Full Drill - bicortical drilling and automatic stop after second cortex
end registration

* Cortex II Find — drill bit detection the far cortex wall from inside and stop
automatically.

¢ Cortex II Drill — drilling through the near (first) cortex and partially drilling
the far (second) one, making a hole with a predetermined depth in [mm].

The working modes are set by the surgeon using four buttons and a potentiom-
eter in combination with a display (Figures 4-6). Also it gives information in real
time about the duration of the drilling process and about the operation result at the
end of the drilling. The drilling is realized with an accuracy of 0.1 mm.

The result is presented on the display after drilling manipulation. The second
row of the display screen (Figure 7) shows: first number - the thickness of the near
cortex (Cortex I); second number - the thickness of the far cortex (Cortex II); third
number - the depth of the hole. The second row in Figure 8 in the same manner
shows the thickness of the near cortex (first number), the distance between both
cortices (marrow) and the depth of the hole (third number).

Figure 4.
“Cortex II full drill” mode - bicortical drilling and automatic stop after second cortex end vegistration.

Figures.
“Cortex 1I find” mode - drill bit detection the far cortex wall from inside and stop automatically.

Figure 6.
“Cortex I drill” mode - drilling through the near (first) cortex and partially the far (second) one, making a
hole with a 1.5 depth in [mm].
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Figure7.
Information displayed after “Cortex II Full” drill mode.

Figure 8.
Information displayed after “Cortex II Find” mode.

3. Bone drilling process execution

The successful realization of drilling manipulation depends on normal function-
ing of the whole system components — motors, force sensor, controllers, buttons,
etc. That means the components have to be tested before the start of manipulation.
A procedure ‘Self Test’ is developed which starts immediately after the power is
switched on. The ‘Self Test’ procedure passes through the following testing steps:

* start button reliability (switch on and switch off)
* ability to find out the initial position (Reference position)
* ability to receive the force sensor data

* check the translation motion of the step motor (going forth and back the
working zone, free motion resistance, check for missing steps)

¢ check the rotational motion

The force sensor test reports the ability of transferring the data for resistant
force at free translation motion forth and back as well as an average value for normal
motion which confirms a previously defined and known criterion.

The decision whether the component works right or wrong is taken according to
criteria downloaded in the program. The ‘Self Test’ procedure confirms safe working
the whole system. When some differences from the criteria incorporated in the soft-
ware are registered then the message “Self TEST ERR” appears on the display. The
robot cannot be used until the corresponding reasons are eliminated. The message
confirming the positive result of the procedure is “Self TEST OK” on the display.

The next step is to set the working mode. Additionally another parameter in
[mm] (B, ) is set which is connected with the patient’s safety and it is related to
each specific patient. The hole depth cannot exceed B, ,, . This parameter depends
on the specific task, for example - it can be taken from the x-ray image of the bone
before operation. During the drilling at every discretization time interval “% ” the
current position is compared with B, and then the decision for going on or stop

the process is taken.
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Then the drilling process can begin.

The drilling process (Figure 9) is running when the button of the executive
module (start button) is pressed and is held continuously by the surgeon. He can
stop the manipulation aiming to set a new working regime or to prevent a drilling
error. The manipulation execution goes on after the start button is pressed again
and is held until the drilling ends automatically and the drill bit returns to its home
(reference) position. During the operation the surgeon must keep firm contact with
the bone all the time. When performing the drilling process, the selected drilling
mode was indicated on the display.

The control algorithms are realized in the specialized program language
(Trinamic Motion Control Language - TMCL) specific for the TMCM (Trinamic
Motion Control Module) controllers in the program environment TMCL-IDE. The
execution of commands start immediately after the input (direct regime) or the
program can be downloaded for autonomous execution in the controller (stand-
alone regime). The user is also allowed to input different axes and global parameters
which enrich the control algorithms results and make its realization easier. The
main control program is structured in separate states - State Search for Contact,
State Contact Found, State Drilling, State Check for Missing Steps, State not Contact
Found, State Ready etc. In Stand-alone regime the program recognizes the current
state for every cycle and executes the corresponding algorithm, taking a decision for
going to the next state in dependence on preliminary determined criteria.

The translation motion control during the drilling is based on the force feed-
back. A modified PI control law (Eq. (1)) is used to calculate the new position, or
the “next target position”, (number of steps As, where k is the time interval

discretization), which the linear motor as well as the drill bit, respectively, must
reach in a given interval of time Az.

As, =K,e, +K,I,, 1)

where:
g =F -FL; 1,=Y¢, [i=(k—4),....k];

act ;
K, and K, - feed-back coefficients of the proportional and the integral compo-

nent in the control low;
F* - actual thrust force (measured);

act

E_ - reference force which must be maintained following the created algorithm
during the drilling process. The value of F, is calculated for drilling of each specific
(individual) bone and depends on features of the patients, for example health
status, age, sex, etc.

Considering our specific task the following comments have to be done. The
registration of far cortex from inside the bone and the breakthrough detection
depends on the evaluation of the bone density in the current drilling zone. Because of
that an integral component I, (Eq. (2)) is formed as a sliding window in the same

drilling zone. By this integral component information is obtained for the change of
bone density:

I =X1,[i=(k-n),..k], 2

In the last expression “# ” is the dimension of I, in the sense of sample discreti-
zation. Its value is updated after every # sample. Decreasing of I, shows higher
bone density and its increasing — drilling in lower bone density in comparison with
the bone density which corresponds to Reference Force F, .
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Figure 9.
Bone drilling process.

The parameter Al, isformed as a difference between two consecutive values. It
gives information for tissue density deviation in current drilling area. The higher
the Al the bigger is bone density deviation in the current zone in comparison with
the zone drilled just before.

Next, the comparison of the value AI, with some appropriately chosen refer-
ence value allows taking a decision for the breakthrough detection of second cortex
as well as the far cortex registration. The dimension of I, from view point of
number of subtractions (&, =F, — F*,) assures the accurate monitoring the ten-

dency of increasing or decreasing the bone density and in the same time minimizes
the “not typical force sensor data” in the drilling area.

The dimension of I, from view point of number of samples of discretization is
in connection with the extent of the drill bit penetration when it starts moving in
low density area.

Once the drilling process is completed according to the selected operating mode,
the result of the operation is presented on the display.

4. Areas of application and experimental results
4.1Long bone fractures

The most common fractures are long bone fractures. In the treatment of
long bone fractures by osteosynthesis, the most commonly used manipulation is
bicortical drilling.

The main problem during bicortical bone drilling is the second cortex break-
through detection and drill bit penetration value. The average soft tissue penetra-
tion in bi-cortical drilling manipulations is 6.31 mm when drilling is executed
manually [20]. Furthermore, there is a significant difference in plunging (soft tissue
penetration) depth when sharp or blunt drill bit was being used. Surgeons, regard-
less of their experience level, when used blunt drill bit, penetrate over 20 mm in
normal bone and over 10 mm in osteoporotic bone [21]. This means that there is a
risk of tendon or blood vessel rupture and protection of the posterior bone wall is
required (leading to additional tissue excision).

When performing the drilling by the orthopedic bone drilling robot ODRO,
the manipulation can be conditionally described by several stages: searching the
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contact with the first cortex; its drilling; automatic stop; searching the contact with
the second cortex; its drilling; automatic stop; going to reference position after the
drilling end.

In Figures 10 and 11 experimental results are presented for the current position
and the feed rate consequently during a bicortical mid-diaphyseal pork femur bone
drilling procedure.

Figures 12 and 13 present experimental data for thrust force variation during
bicortical pig femur bone drilling when using a new drill bit (Figure 12) and a drill
bit after 35 drillings (Figure 13).

The time is expressed in arbitrary units (AU) of measurement where 1 unit is
defined as the scoring time, i.e. the interval of time between two measurements.

During bicortical bone drilling process the feed rate takes various values in any
stage in the range 0.5-6 mm/s. These values depend on drill bit position and real
time force sensor data.

The first drilling stage is illustrated in Figure 11 (search of contact with first cor-
tex). Its parameters are feed rate 6 mm/s and drill speed 0 rpm. When the contact is
realized, the feed rate stops (at 145 AU in Figure 11) and the drill speed is switched
on. As the tubular bones generally have not flat shape the drill bit may slip from
the needed point of drilling start. That can be notices and corrected by the surgeon

Actual position
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Figure 10.
Actual position [mm] versus time during drilling. Maximal drilling feed rate 2 mm/s; drill bit 2.8 mm; total
time 21.016 s, 1561 AU.
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Figure 11.
Feed rate [mm/s] versus time during drilling. Maximal drilling feed rate 2 mm/s; drill bit 2.8 mm; total time
21.016 s, 1561 AU.
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Figure 12.
Thrust force [N] versus time during drilling maximal drilling feed vate 2 mm/s; new drill bit 2.8 mm; total
time 18.297 s, 919 AU. Drilling time (101-796 AU) — 13.85 s.
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Figure 13.
Thrust force [N] versus time during drilling. Maximal drilling feed vate 2 mm/s; hole-used 35 times drill bit
2.8 mmy; total time 24.828 s, 1,239 AU. Drilling time (128-1,097 AU) — 19.42 5.

in the case of first cortex but for drilling the second cortex such a slippage (which
starts from inside the bone) cannot be avoided. It results to drill bit bending which
reflects to hole inaccuracy, bigger friction and heat generation [1].

The second drilling stage (drilling start) begins after the contact is established.
In order to eliminate the case of drill bit bending at the first cortex entrance site the
drilling is executed with a feed rate 0.5 mm/s (from 148 to 288 AU in Figure 11).
During this time interval the thrust force is identified for the first cortex (thrust
force = 40 N, Figure 12). So that a thrust forces reference value is set to 50 N
(Figure 12) for the first cortex wall for further drilling.

At the third drilling stage the feed rate has maximal value 2 mm/s. The fourth
drilling stage indicates the end of the first cortex drilling at 509 AU in Figure 11 and
the drilling automatically stops; drill speed and feed rate become equal to 0 (the
fifth drilling stage) according to the auto-stop criterion [22].

The registration of the inner (or outer) wall of the near (or far) cortex and the
decision to stop the drilling process depends on the bone density evaluation in the
current drilling zone (thrust force = 40 N, Figure 12) [22]. After pressing the start
button again the drilling process starts at 817 AU in Figure 11. The drill speed is
1000 rpm and the drill bit movement is executed with feed rate of 2 mm/s (along
2 mm distance - from 818 to 892 AU in Figure 11).
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The drill bit does not penetrate through the bone wall entirely when the first cor-
tex wall drilling is finished from the “robot viewpoint” (the penetration is less than
1 mm but the stop decision works out successfully). This way, delamination of bone
layers at the exit of the drill bit at the second wall of the first cortex is eliminated.
Then the process continues with feed rate 6 mm/s until the second cortex contact is
reached (in the same style like the first drilling stage but now for the second cortex)

— feed rate 6 mm/s (893-1046 AU in Figure 11). When the second cortex contact is
registered (1047 AU in Figure 11) the drilling process continues according to the algo-
rithm steps already described up to now for the first cortex drilling until an automatic
stop is realized when the second cortex drilling is finished. Then the drill bit was
extracted back to the reference position (after 1400 AU in Figure 11) with negative
value (6 mm/s) of the feed rate (the fifth drilling stage for the second cortex).

The drilling of the first or second cortex, which is in the interval of 299-509 AU
in Figure 11, is executed with feed rate not greater than 2 mm/s. This value changes
during the drilling process in dependence on the force sensor data.

When the resistant force values become less than the reference force, drilling
is executed with feed rate 2 mm/s, for example in the intervals 320-351 AU and 438-
497 AU in Figure 11. Feed rate values less than 2 mm/s correspond to slower transla-
tion motion (the resistant force values are higher than the reference value) and also
correspond to application of a smaller thrust force (352-399 AU in Figure 11).

Thus, the negative feed rate values correspond to drill bit back-motion while
arecurring overshoot of the reference value occurs (for example 400-431 AU in
Figure 11). That is in agreement with the scientific reports of ultrasonically-assisted
drilling method (UAD) [23-27]. This is a concept of minimizing the thrust force
during drilling. The original idea of this approach is a module coupled with the
drill bit, realizing the micro back translation motions with 5-25 pm amplitude and
10-30 kHz frequency. The advantages of UAD in comparison with conventional
drilling reflect in a decrease of force from 60-65 N to 35-38 N (for UAD) [23, 25].

When the drill position becomes close to the second cortex outer surface (which
can be recognized by additional criteria) then the feed rate decreases to 1 mm/s
(498-508 AU in Figure 11). The reduction of the feed rate aims to guarantee a
minimal penetration (maximum 1 mm) in the tissue outside the bone. Additionally,
reduction the speed to 1 mm/s (respectively the thrust force) at the end of drilling
allows forming accurately the breakthrough itself, i.e. without bone debris.

The feed rate control has important role from viewpoint of usage of spoiled drill bits
which occurs very often in orthopedic practice. It is confirmed by a report where about
600 and more drillings are executed [28]. The dulled drill bits cause higher temperature
in the drilling area. The maximal temperature reached by a bit taken from the operation
room is 54.5° C [28, 29]. A proportional relationship is observed between the intensity
of wear and the temperature increase and the same can be said for cutting forces [29].

After the end of every concrete drilling, the result is shown on the display. In
Figures 14 and 15 results of the drilling in both cases concerning the new and the
used drill bits (see Figures 12 and 13) are shown on the display. The thickness of the

Figure 14.
The vesult of the drilling process; new drill bit 2.8 mm.
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Figure 15.
The vesult of the drilling process; hole-used 35 times drill bit 2.8 mm.

near cortex (Cortex I), the thickness of the far cortex (Cortex II) and the depth of
the hole are shown in the second row on the display.

At equal drilling conditions — drilling process control algorithm, drill bit diam-
eter, bone specimen, drilling area - the following can be seen in Figures 12 and 13:
for new drill bit max thrust force is 55 N; for used drill bit max thrust force is 80 N;
for new drill bit the hole depth is 23 mm for 13.85 s duration and for used drill bit
the hole depth is 26.3 mm for 19.42 s respectively.

At automatic drilling the reasons for the negative final result caused by dulled
drill bits should be minimized by feed rate control [30]. Also, it successfully solves
the problem of higher drill bit penetration after the end of second cortex. It is real-
ized by feed rate reduction to 1 mm/s just before the breakthrough.

4.2 Hip fractures

Generally said a hip-fracture is a break in the upper part of the femur bone. It
occurs mostly to the patients over 60 years old. Worldwide the human population
growing older is a clear tendency. It is expected such changes can cause higher
number of hip fractures increasing from 1.66 million in 1990 to 6.26 million in
2050 [31]. Moreover, it is proved the hip fractures are one of the main reasons for
mortality of the old people. For example the mortality to the end of the first year
after the trauma reaches 27.3% depending on the kind and the type of hip fracture
treatment [32]. These data underline the social importance of the problem and lots
of researches concern their efforts for optimization of hip fracture treatment and
maximal patient’s recovery.

For metal osteosynthesis of proximal femur fracture the implant is placed
(inserted) through the lateral cortex and anchors into the hip head. The post-
operative complications, which often occur at fracture treatment by osteosynthesis
and require an implant change or arthroplasty, are the so called hip head re-fracture
and implant penetration into the joint capsule.

The main reason for that is a wrong positioning of the screws into the femoral
head—neck fragment. As a criterion for implant position the so called Tip-to-Apex
Distance index (TAD - index) is used. The optimal positioning corresponds to TAD
- index minimization. For instance, it is the best factor of prognosis to realize the
cut out of the hip head and when the TAD - index is less than 24 mm, the cut outs
are unfortunately not registered [33]. That means drilling through the lateral cortex
along the hip neck axis, which ends when the drill bit tip is as much as possible close
to the far cortex of the hip head.

The experimental results for far cortex registration during proximal pig femur
drilling along the neck axis are presented in Figure 16. The measured proximal
femur length is 65 mm. The hip head cortex registration is in a distance 61.7 mm
from the contact point [34].

The hip head cortex registration occurs at 1107 AU in Figure 16 where I4; again
takes values less than zero. Then the drilling automatically stops and the robot takes
out the drill bit at the initial position.
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Figure 16.

Far cortex registration during proximal pig femur bone drilling along the neck axis. Maximal drilling feed
rate = 4 mm/s; drill bit 2.8 mm; Total time 24.84 s, 1235 AU; hole depth 61.7 mm. The values of the integral
component 1, (red line) ave scaled by multiplication of 107",

For some types of fractures, like a midshaft clavicle fractures, it is advisable to fix
the implants without drilling the second cortex. Comprising uni-cortical far-cortex-
abutting locking screw fixation with bi-cortical fixation, it can be seen that both
types of fixation have similar mechanical properties concerning axial and torsional
loads in the case when the far cortex penetration not occurs [35]. Uni-cortical far-
cortex-abutting locking screw fixation risks far cortex penetration which requires
protection of near anatomical structures [35]. Drilling modes of ODRO as Cortex I
(unicortical drilling), Cortex II Find and Cortex II Drill can be used in such cases.

One more application of ODRO is related to the proximal humerus fractures.
This problem is discussed in [36-38] and here we will present it briefly by citing
some sentences from there aiming to show this problem clearer way.

Proximal humerus fractures may occur at the surgical neck, anatomic neck,
greater tuberosity, and lesser tuberosity. They are common fractures which can
often be seen in elder patients with osteoporotic bone after low level energy
impacts. These patients usually have very low bone mineral density and that makes
fracture fixation much complicated. Proximal humerus fractures account for 5% of
all fractures and represent the third most common osteoporotic fracture [36]. The
incidence of these injuries is expected to increase due to the aging population and
the growing prevalence of osteoporosis [37].

Within the surgically treated fractures open reduction and internal fixation
using locked plates is the most commonly applied joint-preserving treatment of
proximal humerus fractures [38]. Failure rates of locked plating depend on the
so-called “overdrilling”. Perforation of the joint surface during pilot hole drilling is
referred to as “overdrilling” [37]. Possible reasons for the overdrilling include: the
restricted tactile feedback especially in osteoporotic bone; the spherical morphol-
ogy of the humeral head that, together with the angulated locking screw projec-
tions, make interpreting of intra-operative X-ray images very complicated; the
surgeons’ experience level; the blunt drill bit [37].

Precision drilling to the correct depth could help prevention of overdrilling and
significantly increases endurance until screw perforation failure, i.e. reduce failure
rates of locked plating in an unstable proximal humerus fractures [37].

The drilling mode “Fixed depth” of ODRO (preliminary set depth of the hole in
mm) can be used in such cases when ODRO is applied. When working in this mode,
the set depth of the hole is realized with an accuracy of 0.1 mm.

During bicortical drilling, when the drilling is done manually, the magnitude of
the drill bit penetration requires protection of the posterior bone wall. That means
the obligatory cutting of the tissues immediately after it.
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The drilling through the lateral cortex along the hip neck axis in fractures of the
hip joint, as close as possible to the distal hip head cortex, can be performed success-
fully manually only under continuous X-ray control. This is of the utmost importance
for stable fixation of the implant. The use of ODRO in this type of manipulations
allows the use of surgical techniques associated with minimally invasive surgery.

5. Discussion and conclusion

The process of bone drilling is characterized by a set of input and output param-
eters. The input parameters define the conditions under which the process takes
place, while the output parameters determine the outcome of the process.

Many scientific investigations are done concerning input parameters as drill
speed, feed rate, different types of drill bit, its diameter, bone type and drilling
methods. These parameters are responsible for heat generation, micro cracks, hole
delamination, breakthrough detection and penetration. The results are reported
only for the case when one of the parameters has a fixed value (drill speed) and the
other one has a discrete variation (feed rate) or vise versa.

The experiments are made by Computer Numerical Control (CNC) machines or
CNC milling machines [39-41]. The purpose is to find such combinations of input
parameters which may guarantee optimal output parameters during the process of
bone drilling.

The difference between the experimental results of various studies arise for the
sake of the wide variety of test conditions used by researchers regarding drill-bit
diameter, drill bit type, rotational speed, feed rate and bone type. [42]. However,
the following dependencies stand out:

Increasing the feed rate leads to:

* reducing the drilling time, i.e. reducing heat generation [43, 44], i.e. reduces
the risk of thermal osteonecrosis

* increase of the thrust force [42], i.e. increase the risk of bone damage (traumatic
osteonecrosis)

* Increasing the drill speed leads to:
* increase in temperature [43, 45, 46], i.e. the risk of thermal osteonecrosis

* decrease of thrust force [42], i.e. reduces the risk of bone damage (traumatic
osteonecrosis)

Summarizing, to minimize heat generation during drilling (avoid thermal osteone-
crosis) one should work with the highest possible value of feed rate and the lowest pos-
sible value of drill speed. To avoid traumatic osteonecrosis it is necessary to work with
the lowest possible value of feed rate and with the highest possible value of drill speed.

Therefore, there are conflicting requirements regarding the values of the param-
eters drill speed and feed rate, which should be maintained (implemented) during
the bone drilling process in order to obtain an optimal result.

During the manual drilling these parameters are controlled by the surgeon on
the base of his practical skills. But the optimal results of the manipulations can be
assured only when the input parameters are under control during the automatic
execution of the drilling process. This is the main reason for the appearance of the
handheld robotized systems.
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As it was said, the purpose of handheld robotized systems development is to reach
the accuracy and precise working of the stationary multifunctional robots. In addition,
these systems combine robotic drilling technology with the familiarity of traditional,
handheld medical drills. Among the important characteristics of the handheld robotized
systems must be underlined no requirements of pre-operative planning, calibration,
intraoperative navigation systems. Moreover, they are cheaper, easy and convenient for
working and maintenance which allows their mass application in surgery practice.

ODRO has some advantages in comparison to other considered systems: an
algorithm for synthesis of the referenced feed rate during drilling, ability for far
cortex detection from inside the bone, various specialized working regimes. Up to
now, according to the author’s knowledge, there are no reports for automatic bone
drilling handheld systems that do not use a fixed feed rate during the whole drilling
process. The only two systems available in the market which are used in hospitals
- SMARTAdrillR and IntelliSense orthopedic surgical drill device, also work in fixed
feed rate mode. It is important to underline again that the other systems ability of
work report only for bicortical drilling. The ODRO system has not only such ability
but many additional drilling working modes which were already discussed.
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