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Preface

Robotic surgery is a breakthrough in minimally invasive approach that amplifies a surgeon’s
vision and dexterity to treatment of diseases across many surgical specialties. Where human
dexterity is limited, the robotic arm takes over and seamlessly scales, filters, and translates the
precise movements of the hand with greater precision and less collateral damage. We see the
future ahead, and the applications of robotics are poised to grow exponentially as advances
continue in the fields of machine learning, artificial intelligence, and advanced imaging.

Since the first edition of the book in 2007, the practice of Robotic Urologic Surgery has
undergone a significant evolution. Something that was initially based on theory and possibili-
ties now presents concrete solutions. The early adopters have now amassed a significant
amount of experience, allowing the new surgeons to benefit from a significantly shorter learn-
ing curve. The question is no longer whether robotic surgery is feasible, viable, or the right
way forward, but how to further improve the surgical outcomes and quality of life for the
patient. The field of urology has led the way in robotics for over two decades now and contin-
ues to be the sub-specialty of innovation and exploration.

The first edition of our book focused mainly on robotic prostatectomy as this was believed
to be the best indication for robotics technology. The current edition shows a greater breadth
of applications in urology as robotics has expanded into other organ systems and procedures.
Robotic surgery in urology is now a mature practice, widely implemented for the improvement
of patient care.

This third edition of “Robotic Urologic Surgery,” consistent with the goals of the initial
endeavor 15 years ago, is not only a compilation of the knowledge and experiences of the best
robotic surgeons around the world but is also an incorporation of the recent advances in
machine learning, artificial intelligence, and advanced imaging. We are very grateful to the
contributors who have shared their expertise and to all urologists who have adopted this book
and given valuable insight.

As Albert Einstein said, “To raise new questions, new possibilities, to regard old questions
from a new angle, requires creative imagination and marks real advances in science”. We hope
this third edition of Robotic Urologic Surgery answers questions that arise on robotic surgery
and raises new questions that will spearhead further advances and improved techniques in the
field of robotic surgery; For Man and Machine in collaboration are here to stay!

Celebration, FL. Vipul Patel
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History of Robotic Surgery

Jonathan Noél, Sunil Reddy, Camilo Giedelman,
Rigby C. D. Swarovski-Adams, Evan Patel,

and Richard M. Satava

1 Introduction

Since the mid-twentieth century, during the “Information Age,”
there has been an exponential growth of information technol-
ogy. The substitution of information for physical objects, the
hallmark of this period, laid the foundation for the development
of the field of minimally invasive surgery. Digitization of infor-
mation allowed the surgeon to move from open surgery to lapa-
roscopic and eventually robotic surgery [1].

The benefits of minimally invasive surgery have been
seen with decreased blood loss, shorter hospital stays,
smaller incisions, less pain, and improved visualization
among others. There have been limitations also, such as
increased cost, steep learning curve, and operative time.
Robotics has helped address some of these limitations of the
laparoscopic approach such as surgical fatigue (ergonomics)
and learning curve. Open surgery was the Industrial Age,
where the surgeon directly touched and felt the tissues and
moved the tip of the instruments. Laparoscopic surgery was
the transition: half in the Industrial Age, where the surgeon
still moved the tip of the instruments, and half in the
Information Age, where the visual feedback was the elec-
tronic image (information) of the organs on the monitor. The
robot completes the transition to the Information Age. In less

J. Nogl (P<)
Department of Urology, Guy’s & St Thomas” NHS Foundation
Trust, London, UK

S. Reddy
Global Robotics Institute, Celebration, FL, USA

C. Giedelman
Clinica Marly, Bogotd, Colombia

R. C. D. Swarovski-Adams
Winchester College, Hampshire, UK

E. Patel
Lake Highland Preparatory School, Orlando, FL, USA

R. M. Satava
Department of Surgery, University of Washington Medical Center,
Seattle, WA, USA

than two decades, the robotic approach has even become the
gold standard of surgical treatment for localized prostate
cancer. How did we get to this point?

The word “robot” is from the Czech word “robota” which
means forced labor; it is Slavic root “rab” meaning “slave.”
The word was further popularized by Isaac Asimov in his
short story Runaround where he coined the term “robotics”
in 1942. In 1951, while working for the Atomic Energy
Commission, Raymond Goertz designed the first teleoper-
ated master—slave manipulator to handle hazardous waste
material. The first industrial robot was known as Unimate
and was a 6-axis articulating robot used for die cast handling
and spot welding in General Motors (GM) assembly lines.
Since 1988, robots have continued to develop from machines
capable of performing simple operations to those of today
that can perform highly sophisticated tasks, as seen in Fig. 1.

2 Origins of Modern Robotics

The modern history of robotic surgery began with the
Programmable Universal Machine for Assembly (PUMA)
560®, a robot which was developed in 1978 by the same
company that manufactured the Unimate. In 1985, Dr. Yik
San Kwoh used the PUMA 560 to hold a stereotactic frame
for brain biopsies. In 1988, Sir John Wickham and Brian
Davies of the Imperial College London used this system to
perform a transurethral resection of prostate (TURP).
Integrated Surgical Supplies Ltd (Sacramento, USA) con-
structed two models with similar features: Probot®, a robot
designed specifically for transurethral prostatectomy, and
Robodoc®, a robotic system for more precision in hip
replacement operations. The latter system was converted into
the first robot approved by the FDA.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 3
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Fig. 1 Timeline of developments in robotic surgery

2.1 Probot’ System for TURP

The Probot bore similarity to ROBODOC, in that precision
of the coring action was preplanned based on a scan, in this
case ultrasound. The system had 7 degrees of freedom (DOF)
coupled to a motorized component to automate
TURP. Software allowed the surgeon to fully override and
adjust it anytime, and the robot helped reduce the strain on
the surgeon’s neck that came from looking through an eye-
piece without video assistance. The goal was to make the
procedure safer and shorter to limit fluid irrigant absorption
which mostly accounted for morbidity and mortality of

1998 1999 2000 2001

2002 2003 2006 2008 2010 2012 2014 2016 2018 2019

Intuitive developes daVinci 2000
TransEnterix founded

ZEUS performs first transatlantic surgery

Computer Motion is bought out by Intuitive surgical

Cambridge Medical Robotics: Versius system
lauched in UK

Medtronic: Hugo™ Robotic Assisted Surgical System

TURP during the 1980s—1990s. In their feasibility study, the
procedure would take five minutes and coagulation could
occur by means of the surgeon manually. This was the first
time an active robot had been used to remove tissue from a
patient [2]. A safety frame allowed the resecting instrument
to stay within predefined limits of the verumontanum and
bladder neck. Their results showed the Probot system to be
as good as traditional method of TURP, with respect to uri-
nary flow rates [3]. However, the dependence of Probot on
preoperative TRUS, inaccuracies of TRUS estimation, and
the need for manual electrocautery for hemostasis hindered
adoption of this machine [2].
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2.2 ROBODOC

The ROBODOC (Integrated Surgical Systems, Sacramento,
CA, USA) was developed in the 1980s and was an orthopedic
surgical system that assisted in hip and knee replacement sur-
geries. This robot was the creation of late veterinary surgeon
Howard “Hap” A. Paul and orthopedic surgeon William
Bargar, both from the University of California. CT scan data
overlayed with computer-assisted design/computer-assisted
manufacturing (CAD/CAM) technology could produce a cus-
tomized orthopedic implant. A five-axis robotic arm with a
milling device connected to the tip of the arm via a force
torque sensor, ROBODOC could then mill the bone cavity to
the corresponding dimension, serving as a rasp. Human trials
in 1992 showed its feasibility and superiority [4] as a radio-
graphically superior implant fit and through elimination of
intra-operative femoral fractures after total hip arthroplasty.
In 1994, the ROBODOC was commercialized in Europe and
in 2008 received 510(k) FDA approval for use in the USA. In
2014, THINK Surgical Inc. acquired ROBODOC and used it
as the core technology for its next generation TSolution One®
Surgical System which received FDA approval in 2019. It
never gained wide adoption in part due to studies showing no
significant difference compared to conventional TKA [5].

Stanford Research Institute and National
Aeronautics and Space Administration

In 1986, Colonel Dr. Richard Satava joined the Stanford
Research Institute (SRI) where Philip Green was developing a
telemanipulator system for hand surgery. The team combined
several technologies to create an early “virtual reality,” one of
which was VPL Inc.’s DataGlove, a hand gesture interface tool
that could be used to measure hand position and orientation as
well as provide haptic feedback. Another was a head-mounted
display (HMD) which was developed by NASA-Ames Research
Center’s Michael McGreevey and Stephen Ellis, who were uti-
lizing HMDs to allow 3D visualization of data for NASA’s plan-
etary exploration missions. 3D audio was added to the HMD by
Scott Fisher to further immerse users, coining it “telepresence”
as seen in Fig. 2. This concept allowed surgeons’ hands to have
a computer interface with their patient in another room.

While laparoscopy gained popularity, the loss of three-
dimensional visualization and the hindrance of dexterity due
to the fulcrum effect made it advantageous for patients but
challenging for many surgeons [6]. A workstation was cre-
ated with instrument handles instead of gloves, an arm rest,
and a monitor located 5—15 degrees below the horizontal (see
Fig. 3) [7]. The system allowed for haptic feedback through
force-sensing elements on end effectors and motion prohibi-
tion when resistance was met [8, 9].

2.2.1

2.2.2 Defence Advanced Research Projects
Agency

Dr. Satava was recruited by the Surgeon General of the

Army, Alcide LaNoue, to join Defense Advanced Research

Fig. 2 Head-mounted display (HMD) with DataGlove interface dem-
onstrated by Dr. Scott Fisher (From George & Satava et al., Origins,
Journal of the Society of Laparoscopic & Robotic Surgeons)

Projects Agency (DARPA) and develop the telepresence sys-
tem for military use during the 1990s. The imperative was to
reduce mortality of soldiers who had sustained battlefield
casualties by at least 50%. The premise was to change access
to trauma care “from the golden hour to the golden minute”
through telepresence surgery. Data analyzed from the
Vietnam war had revealed that life-threatening wounds were
a major contribution to mortality and had not changed since
the Civil war [10].

The DARPA project of a telepresence surgeon for the
wounded soldier would be possible by positioning a surgi-
cal console workstation in a Mobile Advanced Surgical
Hospital (MASH). The remote Robotic Surgical Unit
(manipulator arms) would be mounted in an armored
vehicle (mobile operating room) in the forward battlefield
to perform critical lifesaving surgical tasks (damage con-
trol surgery) until the patient arrived at a MASH for defin-
itive care. This vehicle was known as the medical forward
advanced surgical treatment (MEDFAST) vehicle. The
concept envisioned that, when a soldier was critically
wounded, the soldier would be placed in a portable inten-
sive care unit for life support and transport (LSTAT or
“trauma pod”), which would be immediately inserted into
the MEDFAST, so a surgeon would be able to operate
with bedside assistance from a medic. The MEDFAST
also integrated telepresence into non-surgical technology



J.Noél et al.

Fig. 3 Early prototype of surgical workstation (ergonomic design, armrest to stabilize arms, instruments handles)

of anesthesia, remote monitoring, radiography, and life
support, to ensure that full operating room capabilities
could be deployed in the battlefield. The first prototype
was completed and demonstrated in October 1994 to the
Secretary of Defence William Perry at the Annual
Convention of the Association of the US Army in
Washington, DC. The subsequent development was the
creation and demonstration by Oak Ridge National
Laboratory of robotic surgical scrub and circulating
nurses—integrated with the surgical robotic system and
suitable for automatically performing tool changes and
dispensing various surgical supplies, thus completing the
total capabilities of a remote, mobile operating room. Due
to political reasons the DARPA program came to a halt,
and the intellectual property of the SRI telepresence sys-

tem was eventually pitched to venture capitalists and
acquired by Intuitive Surgical, Inc. for commercialization
[11].

3 First Telerobotic Commercial Systems
3.1 AESOP (Automated Endoscopic System
for Optical Positioning)

Around the same time SRI was working on their “telepres-
ence” system. Computer Motion Inc. (Goleta, CA, USA)
was founded by Yulun Wang, Ph.D., in 1989. Wang would
eventually go on to develop an automatic endoscopic
system for optimal positioning (AESOP®), which was a
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robotic arm designed to hold a laparoscopic camera.
Following this commercial success, Computer Motion
then independently developed Hermes and then the Zeus
robotic surgery system [12].

The HERMES system was a software interface that was
developed to control devices through voice command, offer-
ing the concept of a “smart operating room.” Computer
Motion focused its research on the AESOP arm, which
maneuvered an endoscope intracorporeally using verbal
commands. The surgeon positioned the camera while con-
trolling the other two arms with conventional laparoscopy or
by coupling it to the ZEUS system [13]. The development of
the arm was carried out under a NASA SBIR (Small Business
Innovation Research) contract. NASA funded these deriva-
tives of technological enterprise with the aim of eventually
helping astronauts work remotely on repairs of orbiting
space shuttles [14].

AESOP began in 1994, with the Model 1000, which was
the world’s first FDA-approved general-purpose surgical
robot. In 1996, Computer Motion Inc. continued with the
improvements until reaching model AESOP 3000 (Fig. 4).

Fig.4 AESOP (Automated Endoscopic System for Optical Positioning)

Computer Motion used the FDA’s 510K process instead of
class IIT approval, allowing it to be released to the market
several years faster and set a precedent for future competi-
tion to use [15].

In 1998, the Journal of Thoracic Cardiovascular Surgery
published an article where the feasibility of AESOP was evi-
denced in minimally invasive mitral valve repair [16].

AESOP’s success is illustrated by its adoption into more
than 1000 hospitals and represents the beginning of robotic
surgery’s global impact.

3.2 ZEUS System

In 1993, Computer Motion Inc. began working on the Zeus
surgical robot, whose first prototype was available in 1995
and was tested in an animal model in 1996. The system con-
sisted of 3 AESOP “arms” (two instrument holders and the
camera holder) plus a surgical console to control the arms.
Two years later, in 1998, the ZEUS Robotic Surgical System
performed its first minimally invasive microsurgical proce-
dures on humans, including endoscopic coronary artery
bypass grafting (E-CABG) [17], tubal reanastomosis, and
other complex procedures such as heart valve surgery. In
2000, the ZEUS was equipped to hold 28 different surgical
instruments, and in 2001, it received FDA approval
[14-18].

Jacques Marescaux used this robot in September 2001 to
perform the first transatlantic remote laparoscopic cholecys-
tectomy from New York. The patient was in Strasbourg,
France (Fig. 5). This was a major landmark for surgery. The
main drawback of the ZEUS system was the large size of
robotic arms, which limited operating room space and caused
frequent collisions between the trocars [19, 20].

The ZEUS system, seen in Fig. 6, was discontinued in
2003 after Computer Motion was acquired by rival Intuitive
Surgical; later it would develop the Da Vinci Surgical
System [21].

3.3 Computer Motion vs. Intuitive Surgical

In 2000, Computer Motion filed lawsuits against its rival
company in medical robotics, Intuitive Surgical, for alleg-
edly infringing Computer Motion’s patents related to robotic
surgery.

In June 2000, Intuitive Surgical went public, and on
March 7, 2003, Computer Motion and Intuitive Surgical
were merged into one company. This was done in part to try
to resolve the litigation between the companies, but in so
doing, it increased the effectiveness and usability of such
technology. Shortly after the merger, ZEUS was phased out
in favor of Intuitive Surgical’s Da Vinci system [11].
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Fig.5 Dr. Marescaux
performing the first
transatlantic remote
laparoscopic cholecystectomy
in New York on a patient in
Strasbourg, France

4 Intuitive Surgical: Mona to DaVinci
(FDA Approved 2000)

In 1995, the company Intuitive Surgical Inc. (Sunnyvale,
CA, USA) was founded by Frederic H. Moll, John Dreund,
and Robert Younge after negotiating for SRI’s intellectual
property with the aim of developing a complete surgical
robotics project. In 1996, the company started with a proto-
type known as “Lenny” (after Leonardo da Vinci) and was
used in animal trials; however, its limitations in visualization
and mechanical reliability precluded use in humans. As the
company’s prototypes became more advanced, they were
named using da Vinci themes; “Leonardo” and another
“Mona.” The final version of the prototype was nicknamed
the “da Vinci,” which was the final marketing label [14].
“Mona” prototype was the precursor robot with a control
console and independent exchangeable arms. On March 3,
1997, the first procedures, two cholecystectomies, were per-
formed by bariatric surgeons Dr. Jaques Himpen and Dr.
Guido Leman out of St. Blasius General Hospital in Belgium
[14]. The following day the creation of two arteriovenous
fistulas was performed by Dr. Marc Bosiers using Mona.

Starting in 1997, various procedures of general surgery,
gynecology, and urology were carried out, and in 1999,
Intuitive Surgical began marketing this system in Europe
while awaiting FDA approval in the USA [21]. The da
Vinci surgical system obtained FDA approval in 2000 to
perform laparoscopic abdominal surgery procedures in the
USA [22, 23].

On September 16, 1998, using Mona, Dr. Guy-Bernard
Cadiere performed a band gastroplasty and published the
report in Obesity Surgery which highlighted the safety, feasi-

bility, and ergonomic advantages of robotic surgery, espe-
cially in confined spaces [21]. By this time, the system had
been improved with binocular 3D vision and use of a third
arm for manipulation of the optical system; however, diffi-
cult instrument exchange coupling and setup were still limit-
ing factors [24].

The da Vinci entered human trials in 1998 in Mexico,
Germany, and France. Its improvements included improved
visualization, range of motion, and most notably a stand-
alone robot which replaced the need for mounting instru-
ment manipulators to the table. Cholecystectomy, Nissen
fundoplication, mitral valve repair, and eventually a CABP
were performed using the system [5].

Leipzig Heart Center in Germany made the first purchase
of the da Vinci in late 1998 where cardiac surgery was the
main focus. By 2001, over 140 different types of robotic sur-
gery had been performed in Brussels, Mexico City, and Paris
including cardiac, bariatric, gynecologic, and urologic pro-
cedures. On July 17, 2000, the da Vinci received full FDA
approval through the same 510K expedited process used by
Computer Motion. The Vattikuti Institute in Detroit, Michigan
was the first to document the robotic-assisted prostatectomy
in the year 2000, which offered decreased blood loss, low-
ered pain scores, and shortened hospital stays over the tradi-
tional open retropubic approach [25-27]. Rather than the
expected implementation in cardiovascular surgeries, the da
Vinci found robust adoption in urologic and gynecological
surgeries.

In spite of the growth in robotic surgery in almost all the
surgical areas, it has been the urology field where it has
caused the main impact, with vast expansion and excellent
results in different types of interventions: simple prostatec-
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Fig. 6 Zeus system in OR. (a) surgeon console and (b) robotic arms
(from Lealghezzi et al. 2016)

tomy, radical prostatectomy, partial nephrectomy, live donor
nephrectomy, and pyeloplasty, among others. The first
robotic radical prostatectomy was realized by Binder in
Germany, while Abbou and his colleagues, in France, were
the first ones in publishing it in the literature [25-27]. The
group of Guillonneau and his colleagues reported the first
nephrectomy [28] and robotic lymphadenectomy as a treat-
ment for prostate cancer [29].

Technological advances continue to impact the modern
practice of urology, none more so in recent years than the
development of robotic surgery. Since the first publication of
a series of patients undergoing robot-assisted radical prosta-
tectomy in 2001, the field has seen a dramatic increase in the

Table 1 Timeline of the da Vinci® surgical system in general surgery

Year Author Surgery
1997 Cadiére Cholecystectomy
1998 Cadiére Adjustable gastric band
1999 Cadiére Nissen fundoplication
2000 Horgan Roux-en-Y gastric bypass
Giulianotti Total gastrectomy in malignant disease
Hashizume Colectomy in malignant disease
Hashizume Splenectomy
Hashizume Unilateral and bilateral inguinal hernia
repair
2001 Weber Colectomy in benign disease
Horgan Adrenalectomy
Giulianotti Liver resection
Giulianotti Distal pancreatectomy and
duodenopancreatectomy
Melvin Heller’s esophagomyotomy
Melvin Transthoracic esophagomyotomy in
malignant disease
2002 Ballantyne Ventral and incisional hernioplasty
2003 Horgan Transhiatal esophagectomy in malignant
disease
Giulianotti Anterior resection of the rectum
2007 Kang Thyroidectomy in malignant disease

From Leal Ghezzi, T., & Campos Corleta, O. (2016). 30 Years of
Robotic Surgery. World Journal of Surgery, 40(10), 2550-2557.
https://doi.org/10.1007/s00268-016-3543-9

use of robotic surgery for urologic procedures. In the USA,
42% and 63% of all radical prostatectomies in 2006 and
2007, respectively, were performed with robot assistance.
This number is likely to increase to 85% for the year 2009.

The minimally invasive nature of these procedures allows
for better precision, decreased blood loss, shorter hospital
stay, decreased morbidity, and shorter convalescence while
preserving functional and oncologic outcomes. Additionally,
the application of robotic surgery has spread beyond radical
prostatectomy to include radical cystectomy, nephrectomy,
partial nephrectomy, adrenalectomy, and other upper urinary
tract surgery (pyeloplasty, ureteral reimplant, etc.). Robotic
surgery has even seen dramatic growth in pediatric urologic
and general surgery applications (Table 1).

5 Current Status of New Platforms
and Future

Haptic feedback and sound will add a dimension of reality,
but the challenge is providing information to more than 20
nerve endings for sensation in the hand. For instance, com-
puters judging 1 mm two-point discrimination and
proprioception with the need to display this to the user pres-
ent exciting future endeavors.

5G wireless networks will allow for faster information
transfer with 100-fold increase in bandwidth, speed, and sig-
nificant decrease of latency to 1 ms, making remote telesur-
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gery safer and for longer distances. However, the bedside
cart will need to be upgraded with additional software to
accommodate telesurgery since most of the control of the
manipulators reside in the console in the current systems. A
necessary consideration is security and reliability of the
communication network, though the current 5G systems use
blockchain for security and 7-nines reliability.

Single-port technology of robotic systems has become
widely available in the USA, and this is discussed in a
separate chapter. Patients should respond positively to less
scars for the same procedure. The long-term outcomes of
such minimal access surgery in cancer are still being eval-
uated [30].

Lastly, artificial intelligence is on the forefront and will be
integrated into robotic surgical systems in unique ways.

6 Conclusion

Robotics is a cutting-edge technology that manipulates
information in the service of the surgeon. Its high impact is
given by the ease to develop almost any urologic procedure,
a shorter learning curve, greater ergonomics, and proven bet-
ter results than other approaches.

The next step is to continue with the exploration of how to
achieve an increasingly better, more accurate dissection that
more closely matches our expectations to patients’
expectations.
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Current and Upcoming Robotic Surgery
Platforms and Adjunctive Technologies

Nikhil Sapre, Taimur T. Shah, and Prokar Dasgupta

1 Introduction

Over the last 30 years, laparoscopic surgery has transformed
care of patients in urological surgery. However, laparoscopy
is limited by its 2-dimensional (2D) vision, ergonomics, and
limited range of motion. This has meant several aspects such
as operating in a narrow field in the pelvis, and complex
reconstruction remains challenging with a significant learn-
ing curve. The advent of robotic assistance has overcome
several limitations of laparoscopy with its 3-dimensional
(3D) vision, better dexterity and range of movement, HD
visualization, motion scaling, and tremor filtration. Robotic
assistance has increased the utilization of laparoscopy sig-
nificantly changing the landscape of urological surgery. In
urology, it has been used to perform pelvic surgery such as
radical prostatectomy, cystectomy, and urinary diversion as
well as upper tract surgery such as radical and partial
nephrectomy, adrenalectomy, and pyeloplasty. More recently,
we have seen robot-assisted laparoscopic surgery in female
and functional urology as well as reconstructive urology.
Robot assistance and autonomous systems are also being
applied to BPH surgery, ureteroscopic stone surgery, and
ultrasound-guided prostate biopsies.

Robot-assisted laparoscopy was first used in urology at
Frankfurt, Germany, using the da Vinci surgical system
(Intuitive Surgical Inc., Sunnyvale, CA, USA) [1] to perform
radical prostatectomy. Since then, innovation in robot-
assisted laparoscopy has seen several versions of this system
enter the market from the original Si system to the current
models such as Xi and SP (single-port) systems. Some pat-
ents for the da Vinci system expired in 2019 paving way for
new platforms to enter the market.
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In this chapter, we summarize the various robotic plat-
forms available in the market currently as well as systems in
development which are likely to enter the market in the near
future. We also discuss various adjunct technologies that are
in use on these robotic platforms for pre-operative planning
as well as intra-operative guidance.

Finally, we discuss how precision robotics, connectivity,
and surgical data science are being used to expand the hori-
zons of robotic surgery.

2 Robotic Platforms

Table 1 summarizes the currently approved robotic assis-
tance systems currently available in the market [2].

2.1 da Vinci Surgical System

Approved by the FDA in 2000, this is the main surgical sys-
tem in the market and is used in adult cardiac, general, gyne-
cology, head and neck, and urological surgery as well as in
pediatric surgery [3]. This master—slave robotic system con-
sists of a surgeons console system, which is used to control
interactive robotic arms at the patient-side cart (Figs. 1 and
2). The robotic arms have EndoWrist technology and seven
degrees of freedom and can act as retraction, cutting, or elec-
trosurgical tools. Four generations of this system have since
been released including the da Vinci, S, Si, and Xi. In 2018,
the da Vinci SP (single-port) system was approved by the
FDA.

The Xi system has an end-mounted camera that can be
positioned in any port, thinner robotic arms, better endowrist
joints, and longer instrument shafts allowing more efficient
multiquadrant procedures.

The SP system patient cart utilizes a single robotic arm
with a 2.5 cm cannula, through which an oval 12 x 10-mm
3D-HD fully wristed endoscope and three 6-mm wristed and
elbowed instruments can reach up to 24 cm depth. The can-

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 il
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Table 1 Currently approved robotic surgical systems

Robotic system
da Vinci Xi

Surgeon console
Closed

da Vinci SP Closed

Senhance Open/3D glasses

Revo-I Closed

Versius Open/3D glasses

Controller
Finger loops

Finger loops

Laparoscopic handles

Finger loops

Joystick handles

Key features

8 mm camera port and 8 mm instruments

10 uses per instrument

Three instrument arms

Port hopping camera

Dual console

Single-port

Single robotic arm through a 2.5 cm cannula with 360° of rotation
12 mm articulating camera

Three 6 mm instrument arms

10 mm camera

Four independent robotic arms (10 mm, 5 mm, 3 mm)
Infrared eye tracking for camera control

Haptic feedback

Dock free design

Reusable instruments

10 mm camera

7.4 mm instruments with 20 uses each

Excessive force use warning

10 mm camera and 5 mm instruments

Haptic feedback

Portable independent arms, individually mounted in separate patient-side
carts

Surgeon can be in sitting or standing position

Dock free design

Avatera Open Finger loops

10 mm camera with 5 mm instruments

Only consists of 2 components
Single use instruments

Hinotori Semi-open

Finger loops

Dock free design

Only approved for use in Japan

Fig. 1 The three components
of the DaVinci Xi system and
the surgeons console, visual
tower, and patient cart on a
single extendable and
maneuverable boom

nula and the boom can rotate 360° allowing excellent vision.
The surgeon console of the SP system, while similar to multi-
port model, has additional features that allow the surgeon to
move the entire robotic arm in addition to moving the instru-
ments separately. The navigation interface also allows the sur-
geon to tract the position of each instrument during surgery.

Many surgeons have since published their experience and out-
comes of robot-assisted laparoscopic radical prostatectomy
(RALP), robot-assisted radical cystectomy (RARC), robot-
assisted radical nephrectomy (RARN) and robot-assisted par-
tial nephrectomy (RAPN), robot-assisted pyeloplasty, and
other reconstructive procedures using the SP system [4-8].
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Fig.2 Surgeon sitting at the DaVinci Xi closed console

2.2 Senhance

Initially developed by the Sofar (Milan, Italy) and originally
named the ALF-X, the Senhance surgical system (TransEnterix
Surgical Inc., Morrisville, NC, USA) has been approved by
FDA for general and gynecology procedures. It has CE Mark
certification for all abdominal and non-cardiac thoracic pro-
cedures and recently its use for various urological procedures
was described in Europe [9, 10]. It has a remote console unit
called a cockpit, up to four independent robotic arms in sepa-
rate patient carts. It provides 3D HD vision, haptic feedback,
camera control using surgeon’s eye movements via infrared
eye tracking system and reusable laparoscopic tools.

23 Revo-I

The Revo-I is approved for use in Korea and is based on a
similar platform to the da Vinci system. It consists of a four-
arm patient cart with 7.4 mm wristed instruments, a closed
surgeon console, and a HD vision cart with a 10 mm endo-
scope. It has been used to perform retzius-sparing RALP in
the first human trial in 17 patients with acceptable peri-
operative, early oncological, and continence outcomes [11].
Specifically, there were no conversions to open to laparo-
scopic surgery.

24 Versius

The Versius surgical system (Cambridge Medical Robotics
Ltd, Cambridge, UK) received the European CE Mark in
March 2019. The robotic arms, which have shoulders,
elbows, and wrists, are individually mounted in separate
patient-side carts allowing for optimization of port place-
ments [12] (Fig. 3). Instruments are sleek at 5 mm diameter

Fig. 4 Surgeon standing at the CMR robot console

and are controlled through a joystick on the console. The
open-console design with 3D HD vision allows for excellent
communication between the console surgeon and the bed-
side team. The ability of the surgeon to be upright in the sit-
ting and standing position allows for excellent ergonomics
(Fig. 4). The system has been used in a preclinical setting,
where multiple surgeons successfully performed prostate
surgeries, renal surgeries, and pelvic lymph node dissection
(PLND) on cadavers and porcine models [13].

25 Avatera

The Avatera system (Avateramedical GmbH, Jena, Germany)
consists of only two components. The surgical robot has four
robot arms, which controls up to 3, 5 mm avatera instru-
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ments, which provide seven degrees of freedom and a 10 mm
HD endoscope. The open-console control unit includes a
microscope-like eyepiece, an integrated and flexible seat,
and easy handling via haptic, manual input devices and foot-
switches. All instruments are single use eliminating the need
for sterilization.

2.6 Hinotori

The Hinotori system (Medicaroid Corporation, Kobe,
Japan) is approved for human use in Japan only with plans
for expansion internationally [14]. The surgeon cockpit is a
semi-open console with microscope-like eyepiece, which
provides a 3D HD view and loop-like handles, which con-
trol the wristed robotic arms. The operative unit has four
robotic arms, which have multiple joints with movement in
eight axes. There are no publications of its use in human
studies yet.

2.7 Future Robotic Surgical Systems

The global market for robotic surgery is $13.3 billion by
2026 [15]. It is not surprising that many companies have
developed surgical robotic systems to enter this lucrative
market. Multiport robotic systems recently launched include
the Hugo RAS system (Medtronic, Dublin, Ireland), a modu-
lar, open-console surgical robot; and in development the
BITRACK system (Rob Surgical, Barcelona, Spain), a three-
arm, open-console system, the Tumai surgical robot
(MicroPort, Shanghai, China), Verb surgical (Johnson &
Johnson, USA), Virtuoso Surgical system (Nashville, TN,
USA). The Single-Port Orifice Robotic Technology (SPORT)
surgical system now rebranded as ENOS (Titan Medical,
Toronto, Canada) is a robotic single access system with a
flexible camera and two multi-articulated instruments [16]
and is expected to compete with the da Vinci SP if it receives
FDA clearance for commercial use.

2.8 Other Robotic Systems in Urology
The use of robotics is not only confined to laparoscopic sur-
gery but has also been utilized within the fields of benign
prostatic hypertrophy (BPH), urolithiasis, and diagnostic
with a different method of application in each system.
Aquablation is a minimally invasive robotic system for
the treatment of BPH using high-pressure saline. The aim
being to destroy prostatic tissue through non-thermal
hydrodissection, the system is made up of a conformal plan-
ning unit (CPU), a robotic hand-piece, and a console. Prior to
commencing treatment, the prostate and ablation zone is

mapped out in advance with the required depth and angle of
the water jet selected. The high-velocity jet is controlled by
the surgeons foot pedal and will proceed along the pre-
defined ablation map [17].

Since 2010, ELMED (Ankara, Turkey) has been working
on a system specifically designed for Robotic flexible ure-
terorenoscopy (FURS) called the Avicenna Roboflex. The
robot consists of the surgeon’s console and the robotic arm
which controls the flexible ureterorenoscope with different
attachments available for the various endoscope manufactur-
ers. The robotic arm is controlled from the console using a
joystick and wheel which allow for very accurate and fine
movements in all directions such as forward/backward, 220°
rotation in both directions, and 262° of deflection bilaterally.
The entire procedure can be performed from a sitting posi-
tion, outside of radiation field. The laser fiber and the irriga-
tion speed of the fluid can both be controlled from the console
[18].

Robotic systems have also been developed for automated
prostate cancer biopsies such as the transperineal biopsy
iSR’obot Mona Lisa from Biobot Surgical Ltd., Singapore. It
incorporates fusion of the pre-biopsy MRI with real-time
transrectal ultrasound images to construct a 3D model of the
prostate. As with other MRI-fusion systems the images are
contoured prior to biopsies taking place; however, in the case
of the iSR’obot™ Mona Lisa a software-controlled robotic
arm mounted to the operation table that takes biopsies
according to the pre-defined plan up to a sampling density of
every 1 mm [19].

3 Adjunct Technologies for Robotic
Surgical Systems

3.1 Instruments
3.1.1 Robotic Staplers and Sealers
The EndoWrist Stapler, a fully wristed endoscopic linear sta-
pler, which can be introduced into the operative field through
a 12 mm port, places more control in the hands of the console
surgeon. It is equipped with SmartClamp technology, which
detects whether the jaws can adequately close on the target
tissue for the given staple height and informs the surgeon
accordingly. It also notifies the surgeon and prevents firing
when it detects that no reload or a spent reload is installed
accidentally. The use of this system has been published in
colorectal, thoracic, and upper gastrointestinal surgery but
more evidence to document its equivalence to laparoscopic
linear staplers are needed especially in urological surgery
such as RARC and urinary diversion [20, 21].

The vessel sealer extend is another instrument compatible
with the da Vinci Xi surgical system that has independent
grasping, dissecting, cutting, and sealing functions. Its
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wristed technology with 60° articulation can cut and seal
vessel or bundles of tissue up to 7 mm with orthogonal tran-
section at right angles and is manipulated directly by a sur-
geon utilizing a console. Used with the Erbe VIO dV
generator system, a generator inserted in the vision cart of
the da Vinci system, the energy and bipolar effect can be
regulated, as with other instruments [22].

3.1.2 Magnetic Retraction System

Levita™ Magnetic Surgical System (LMSS) (Levita
Magnetics, San Mateo, CA) is designed to magnetically
grasp and retract the target tissue. It works by attaching a
spring-loaded grasper, characterized by a small magnetic
end, to the targeted tissue, subsequently controlling it using
an external stronger magnet. This eliminates the need for a
dedicated trocar and shafted instrumentation that may clutter
the operative field. This may be especially useful in single-
port surgery or reducing the number of ports in multiport
surgery. Steinberg et al. [23] reported the feasibility of LMSS
in 15 patients undergoing single-port RALP without any
additional assistant ports or conversion to open surgery. They
found that LMSS improved tissue exposure and ergonomics
in single-port surgery, thus mimicking multiport surgery.
Others have reported the safety and feasibility of LMSS dur-
ing robotic upper tract surgery [24]

3.2 3-Dimensional Pre-operative Planning
Conventional surgical planning based on cross-sectional
imaging requires complex cognitive processing to convert
2D images into a 3D reconstruction to guide intra-operative
decision-making. The use of virtual 3D models and 3D print-
ing has evolved to enable the surgeon to create a roadmap for
more precise surgery. In urology, this has been applied prin-
cipally to RALP and RAPN.

The current 3D model reconstructions utilize machine
learning algorithms to convert cross-sectional images into a
3D image segmentation of the scan, which is then validated
by engineers to create a final 3D rendered model. Startups
such as Innersight Labs from academic institutions in the
United Kingdom are paving the way for this technology to be
used in patient selection, planning, and intra-operative
guidance.

For RAPN, better surgical planning using 3D models
can be useful in patients with complex anatomy such as
ectopic or horseshoe kidneys [25] and may have a role in
reducing warm ischemia times and better preservation of
renal function by allowing selective and super-selective
clamping [26].

Porpiglia et al. [27] in their study of 101 patients showed
that nephrometric scores obtained using 3D models were
lower for half of the cases than when scored using conven-

tional 2D CT images. Interestingly, their study also showed
that the scores obtained using 3D information were better
predictors of postoperative complications, which they attrib-
uted to better perception of tumor depth and its relationships
with intra-renal structures.

Bianchi et al. [28] showed that during RAPN, the
3D-guided plan allows the surgeon to perform selective
clamping in higher proportion of patients compared with the
standard 2D-guided approach without increasing intra-
operative and postoperative complications.

Such 3D reconstructions can actually be 3D printed to
give surgeons a sense of touch and potentially reduce posi-
tive margins during RALP [29] or RAPN. Furthermore,
these technologies can also be used for purposes of urology
training, patient counseling, and patient consent.

3.3 Virtual and Augmented Reality

and Artificial Intelligence

MIMIC technologies (Seattle, USA), the leading firm for
virtual reality robotic simulators, has both standalone simu-
lation systems such as the dV-trainer and FlexVR as well as
the da Vinci skills simulator, a simulator co-developed by
MIMIC and Intuitive which connects a simulation computer
directly to the da Vinci console to allow for simulation
directly on the console [30].

Although virtual reality simulators are used for training to
improve a surgeon’s skill set and shorten the learning curve,
there is no high quality evidence of skills transfer from simu-
lation to clinical surgery on real patients [31]. Some studies
have used virtual reality models to show that it can aid the
identification of the renal artery during RAPN, and plan and
guide various surgical steps during RARP for peripherally
placed and advanced tumors [12, 32].

3D reconstructed images from cross-sectional imaging
may be superimposed onto in-vivo anatomy to allow better
surgical navigation using data from fused virtual reality
images as well as real-time in-vivo observations. Such aug-
mented reality (AR) models have been developed and used
for surgical navigation in RALP and RAPN [33-35].

Porpiglia et al. [35] demonstrated that using hyper accu-
racy 3D (HA3D) AR models during RAPN of complex renal
masses can lead to lower rates of global ischemia with less
violation of the collecting system and lower drop of the esti-
mated renal plasma flow at 3 months. Their tumor enucle-
ation rate was also higher using HA3D models than
intra-operative ultrasound (US) guidance.

Using HA3D models in 30 patients undergoing RARP,
Pulliati et al. showed 100% and 79% accuracy in predicting
the location of the index lesion and ECE, respectively, using
histopathological specimens as gold standard [33]. Their
team also developed elastic HA3D AR models of the prostate



16

N. Sapre et al.

that allowed identification of ECE with 100% accuracy com-
pared to 47% with the 2D MRI cognitive models [34].

In the field of robotics, artificial intelligence (AI) has so
far been used mainly to assess surgical performance.
Baghdadi et al. [36] used machine learning and logistic
regression algorithms to train a model for computerized
assessment of PLND during RARC. Compared to an expert
panel of surgeons, the model was 83.3% accurate in assess-
ing the quality of the lymph node clearance. Another study
showed that automated performance metrics using an Al
model could distinguish surgeon expertise in various areas
such as time, movement efficiency, camera manipulation,
and tissue trauma during vesicourethral anastomosis of
RALP [37].

34 Image-Guided Surgery

3.4.1 USS Guidance

The introduction of the drop-in ultrasound controlled by the
ProGrasp forceps allows the surgeon to optmize the intra-
operative assessment of the extent of the tumor, allowing for
precise tumor excision and enucleation [38]. This is a useful
tool especially when resecting endophytic tumors. Contrast-
enhanced ultrasonography (CEUS), which uses microbubble-
based contrast agents with existing ultrasound techniques,
allows for enhanced evaluation of macrovascular and
microvascular structures, potentially allowing for selective
clamping and reducing warm ischemia times [39]. Rao et al.
[40] have described a novel technique of occlusion angiogra-
phy using intra-operative contrast-enhanced ultrasound scan
(CEUS) for zero-ischemia RAPN in five patients. However,
more studies are needed to assess whether this technology
will consistently translate to better functional and oncologi-
cal outcomes.

3.4.2 Fluorescent Dyes
Fluorescence imaging in robotic surgery relies on detection
of variable uptake of a molecular marker in different tissues,
which can be detected by a high-resolution endoscope using
near infrared (NIFR) light spectrum. Indocyanine green
(ICG) is the most commonly used fluorescent dye in robotic
urological surgery, as it can be detected using NIRF [41].
ICG has been used for guidance in selective clamping for
nephron sparing during RAPN [42]; assess tissue vascularity
during robot-assisted ureteral reconstruction [43, 44], pre-
cise dissection of prostatic neurovascular bundle [45], iden-
tification of lymph nodes during lymphadenectomy for renal
cancer [46], and during RARP and robotic PLND [47].
Renal tumors are hypofluorescent after ICG administra-
tion as they are deficient in the transporter bilitranslocase
which is present in normal renal parenchyma [46]. However,
Manny et al. [48] showed that this property cannot reliably

identify malignant renal lesions. In their study of 100 RAPN
cases, they were able to identify malignant tumors with a
positive predictive value of 87% and negative predictive
value of 52%.

The risks of blood loss and suboptimal views leading to
potential positive surgical margins on the off-clamp approach
and risk of reperfusion injury and nephron loss in the on-
clamp approach have driven the interest in selective arterial
clamping [49]. ICG-based fluorescence imaging has been
used to help identify the arterial supply to the tumor and
adequacy of selective clamping to improve the functional
outcomes [41]. In this large series of 318 patients undergoing
ICG-guided RAPN, the authors showed that ICG-guided
surgery is a promising tool for guiding the surgeon strategy
of global versus selective during robot-assisted partial
nephrectomy especially in cases with challenging vascular
supply or impaired renal function. They reported a trifecta
rate of 80%; however, their study lacked a control group.
Other studies have also shown that ICG-guided selective
clamping during RAPN shows promise with lower glomeru-
lar filtration rate (GFR) reduction compared to global clamp-
ing [49-51]. Other potential uses of ICG-guided RAPN lie
in localization of completely endophytic tumors and assess-
ment of potential positive margin due to differing fluores-
cence of malignant and benign renal tissue [41, 52].

The use of ICG-guidance during ureteral reconstruction
has helped in identification of the ureter in cases of inflam-
mation and fibrosis as well as allow precise marking of dis-
eased or strictured segments of the ureter allowing complete
resection and guiding subsequent reconstruction. This may
help prevent recurrences while allowing maximal preserva-
tion of the healthy ureter in cases such as complex pyelo-
plasty, ureteric reimplantation, ureteroureterostomy, and
uretero-ileal stricture repairs post urinary diversion [43, 44].

Patel et al. demonstrated that ICG-guidance revised 30%
of neurovascular bundle dissections [45] during
RALP. Further studies are needed to assess if this can trans-
late to better functional outcomes of continence and erectile
function. Similarly, ICG-guided PLND has been explored
for lymphatic mapping with an aim to reduce the morbidity
associated with extensive PLND but with suboptimal results
to conventional PLND [53]. Others have reported improved
results with ICG bound to fluorescent radiotracers with the
hybrid ICG-*"Tc-nanocolloid tracer capable of identifying
80.4% of the lymph nodes detected by the combined pre-
operative lymphoscintigraphy and SPECT/CT [54].

3.4.3 Gamma Probes and Sentinel Lymph

Nodes
Laparoscopic gamma probes have enabled identification and
resection of sentinel lymph nodes in robotic surgery. While
the original probes have limitations of their length, move-
ment, and being only been able to be controlled by the assis-
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tant, more recent trials have reported drop-in gamma probe
that can be controlled by the ProGrasp robotic forceps for
sentinel lymph node dissection during RALP [55]. When
used for intra-operative identification and excision of meta-
static lymph nodes in robotic salvage PLND, *™Technetium-
prostate-specific  membrane antigen (PSMA) and
MIndium-PSMA revealed a sensitivity of 83.6% and 92.3%,
specificity of 100% and 93.5%, respectively [56, 57].

3.5 Intra-operative Pathological Processing
3.5.1 NeuroSAFE

To optimize oncological outcomes while maintaining func-
tional outcomes, NeuroSAFE, a frozen section-navigated
nerve sparing during RALP, was first described by the
Martini-Klinik in Hamburg, Germany [58] While some have
reported positive reports on the benefits of NeuroSAFE [16,
59, 60], others retrospective series do not show a clear ben-
efit and highlight the logistical problems of NeuroSAFE [61,
62]. Randomized controlled trials are currently underway to
prospectively evaluate this technique [63].

3.5.2 Confocal Microscopy

Intra-operative pathological processing can be resource and
time intensive limiting its use in routine practice. Newer
technologies have emerged such as confocal LASER
microendoscopy (CLE) [64] which uses intravenous fluores-
cein in vivo assessment of prostatic and periprostatic tissue
using LASER probes and ex vivo fluorescence confocal
microscopy (FCM), which uses lasers to provide rapid histo-
pathological confirmation with high accuracy compared to
traditional hematoxylin and eosin staining. Lopez et al. pub-
lished an initial report showing the feasibility of using CLE
(Mauna Kea Technologies, Paris, France) to identify prostate
pedicles and neurovascular bundles [64]. Two other studies
show a 91-100% accuracy of FCM (MAVIG GmbH,
Munich, Germany; Caliber I.D.; Rochester, NY, USA) in dif-
ferentiating benign and malignant prostate on intra-operative
biopsies [65, 66]. While these technologies show initial
promise, more studies are needed to assess their feasibility
and impact on avoidance of positive margins while maintain-
ing functional outcomes.

4 Future Directions

4.1 Connectivity

A unique aspect of robotic surgery that has been lacking is a
robust support for telepresence surgery over large distances.
There is an unmet need for this in terms of training, mentor-
ing, performing surgery in remote locations and to allow

complex sub-specialist procedures to be performed remotely
by highly skilled surgeons. A limitation has been our global
communication infrastructure with robotic surgery needing
very low latency high bandwidth networks to remove and
perceptible delay. Over the past decade, there has been sig-
nificant development of high bandwidth wired and now wire-
less networks such as 5G. Al may also be able to augment
this process using predictive movement models to give the
surgeon-console signal enough time to cover very long dis-
tances [67].

4.2 Surgical Data Science

The surgical data science initiative workshop in 2016 defined
surgical data science as an emerging scientific field with the
objective of improving the quality of interventional health-
care and its value through capturing, organization, analysis,
and modeling of data [68]. This may be applied not only in
the robotic operative theater for decision support but also for
performance assessment and surgical training.

While a robotic surgical system may help with many
assistance functions, the surgeon will always remain the one
making the decisions. A future where the robot gathers and
processes data from sensors, videos, images, and haptic
feedback and provides assistance and feedback to the sur-
geon in real time to aid decision-making is very likely.

Similarly, data science registries could provide perfor-
mance feedback to the surgeon and culture of continuous
measurement, assessment, and improvement using evidence
from data is likely to become a key component of surgical
practice and quality assurance for institutions.

In surgical practice, poor technical skills as well as poor
non-technical skills such as judgement and decision-making
are both associated with adverse surgical outcomes [69, 70].
Data collected from simulation training and real-time operat-
ing theater performance can be used in the future to provide
targeted feedback and facilitate assessment, learning, and
improvement of technical skills as well context-specific
decision-making [71-73].

4.3 Precision and Soft Robotics

Current versions of the da Vinci do not provide haptic feed-
back, resulting in the surgeon having to rely on visual cues to
assess tension on tissues. Some emerging robotic surgical
systems on the market have incorporated haptic feedback
technology into their systems. Surgeons and engineers con-
tinue to enhance haptic feedback in the form of force or tac-
tile feedback and these developments may have a role in
further reducing intra-operative injury [74]. Improvements
in motion scaling and tremor filters are likely to make sur-
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gery more dextrous. While fully autonomous surgery is still
some while away, increasing automation in established sur-
gical systems is likely to lead to further incremental improve-
ments in delivering precision robotic surgery. While this will
be challenging, especially in tasks that require contextual
understanding, simpler tasks such as suturing are more likely
to have incremental automation applied to them. At each
step, we will need to ensure through research that these sys-
tems are ready for clinical use.

Current robotic systems are made from rigid structures
limiting their access to certain sites. Soft robotics uses flexi-
ble systems where their stiffness can be controlled to over-
come these barriers. A team at Kings College, London,
through the STIFFness controllable Flexible and Learnable
manipulator for surgical OPerations (STIFF FLOP) project,
have developed a soft-robotic arm that can be squeezed
through a 12 mm Trocar-port, reconfigure and stiffen itself to
perform tasks. This also allows greater flexibility and incor-
poration of haptic feedback in robotic surgery.

Increasing automation, in future, may have the advan-
tages of further reducing the learning curve in robotic sur-
gery, reducing dependence on surgical volume to achieve
outcomes and thus making these technologies available to
areas where they current may not be [75].

5 Discussion

The past decade of robotics technological advances has been
dominated by Intuitive and the Da Vinci system. It has led to
the widespread adoption of robotic-assisted laparoscopic
surgery across all urological subspecialities. The next decade
will bring much change in this field with new devices and
companies entering the market. Each system will have its
own pros and cons. In addition to these advances in 3D mod-
eling, intra-operative imaging, real-time fusion of cross-
sectional imaging, ICG, haptics, Neurosafe, and remote
telepresence have the potential to improve many surgical
steps and also lead to better outcomes for the patients.
Ultimately it will be the clinical results, cost, and how easily
these new technologies are integrated into the surgical plan
that will lead to their success.
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1 Introduction

Continued innovation of the robot-assisted radical prostatec-
tomy (RARP) since 2001 has resulted in an effective, high
quality surgical treatment for prostate cancer. Complete
recovery of sexual function, however, remains challenging to
achieve. Multiple approaches have been tested with varying
levels of success: preserving the prostatic fascia, dissecting
the prostate antegrade versus retrograde, and athermal tech-
niques along the neurovascular bundles/cavernosal nerves. In
2007, a pivotal study at Vattikuti Urology Institute (VUI) on
the outcomes of the Vattikuti Institute Prostatectomy (VIP)
with Veil of Aphrodite nerve sparing demonstrated a potency
rate of 70% at 12 months [1, 2]. Other groups around the
world have developed and published their nerve-sparing
approaches with varied rates of success (range of potency
from the reference) [3—7]. Despite these efforts, a paper pub-
lished by Capogrosso et al. in 2019 demonstrated that potency
rate has not overall significantly changed in 20+ years, as
illustrated in Fig. 1 [8]. Therefore, opportunities remain to
continue building, innovating, and developing on prior tech-
niques to achieve complete recovery of sexual function.

2 Historical Perspective

Radical prostatectomy for the treatment of prostate cancer
has evolved dramatically from its initial introduction by
Hugh Hampton Young as an open perineal surgery in 1905
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to its current iteration as a robot-assisted retropubic proce-
dure with nerve-sparing techniques designed to achieve
maximal oncologic control with complete recovery of sex-
ual function. First popularized by Mani Menon in 2001,
RARP revolutionized the field of urology with major
improvements in hospital stay (1 day, down from 3 weeks),
blood loss (100 mL, down from >1 L), and erectile dysfunc-
tion (up to 40% recovery, improved from complete loss of
erections) [7]. Efforts since its introduction have centered
on improving sexual function without compromising onco-
logic outcomes.

Surgeons at the VUI have continued to hone and refine the
RARP with nerve-sparing approaches such as the Veil of
Aphrodite [9, 10] (2006) and the Super Veil [2] (2009) tech-
nique to improve post-operative sexual function. While the
initial Veil approach develops the plane of dissection between
the prostate capsule and the prostate fascia at the 1 o’clock
and 5 o’clock positions and the 6 o’clock and 11 o’clock
positions, the Super Veil approach extends the dissection
anteriorly thereby preserving the prostatic fascia between the
11 o’clock and 1 o’clock positions, the pubovesical liga-
ments and the dorsal venous complex. At 1 year, 70% of
patients undergoing the VIP with Veil technique achieved
potency with or without use of phosphodiesterase (PDES)
inhibitors [4]. Performing Super Veil resulted in 94% of
patients achieving sexual potency with the use of PDES
inhibitors at 1 year [2].

Promising advances for RARP with nerve-sparing have
also been reported at other institutions, including use of
local hypothermia with an endorectal cooling balloon
(ECB) system [4]; flexible CO, laser fiber-guided dissec-
tion 2010 [11]; and use of dehydrated human amnion/cho-
rion membrane (dHACM) wrap around the neurovascular
bundles to improve potency [12]. Trials utilizing augmented
reality to improve RARP are currently being investigated,
with preliminary data [13] showing feasibility and accu-
racy (2018).
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Fig. 1 (a) Unadjusted rate of patients reporting erectile function recov-
ery at 12 (blue line) and 24 (orange line) mo after radical prostatectomy
(RP). (b) Rate of patients reporting regular use of phosphodiesterase

3 Indications/Contraindications

Indications for RARP with nerve-sparing [14]:

Fully potent preoperatively (SHIM >17)
Preservation of urinary continence
Organ-confined cancer

Clinical T1/T2a/T2b disease

Gleason score <7

PSA <10 ng/mL

Contraindications for RARP with nerve-sparing [14]:

Absolute

Locally advanced disease (T3c lesions)
Palpable disease at the apex

Gleason Grade 5 disease

PSA >20 ng/mL

Preoperative impotence

type 5 inhibitors at 12 (blue line) and 24 (orange line) mo assessment.
(¢) Rate of patients treated with different surgical approach: open RP
(blue line); laparoscopic RP (orange); robot-assisted RP (dark orange)

Relative

e Intraoperative difficulties with mobilization of the neuro-
vascular bundles

Palpable localized disease (T2c, other than at apex)

PSA serology between 10 and 20 ng/mL

Greater than 50% Gleason Grade 4 disease on biopsy
Perineural invasion on biopsy

Presence of cancer in three needle cores from the same
prostate lobe on sextant biopsy

4 Nerve-Sparing Approaches

4.1 Standard Nerve-Sparing Technique

The prostate pedicle is exposed once the base of the semi-
nal vesicle is retracted superomedially and lies anterior to
the neurovascular bundles. The pedicles provide only a
prostatic blood supply and are controlled by either clipping
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or individual cauterization using a bipolar robotic
instrument.

Incisions are made on the prostatic fascia anterior and
parallel to the neurovascular bundles. Careful sharp and
blunt dissection is performed to separate the neurovascular
tissue from the prostate posterolaterally, mostly at 5 or 7
o’clock position. The assistant or fourth robotic instrument
retracts the prostate to provide counter retraction to expose
the dissection plane.

4.2 Nerve-Sparing Technique: The “Veil

of Aphrodite”

The first decision for potency preservation to consider is
sparing the cavernosal nerves during RARP by incising the
prostate fascia anteriorly. Surgeons at the VUI first devel-
oped the lateral prostatic fascia sparing technique termed
“Veil of Aphrodite” for the RARP in 2005, with results [1,
15] showing significant improvement in sexual potency rates
regardless of preoperative SHIM score after Veil technique
compared with standard nerve-sparing approach: 13 to 22%,
31 to 61%, and 39 to 73%.

Although the classical concept is that two neurovascular
bundles are located near the posterolateral aspect at the 5 and
7 O’Clock positions of the protate, the cavernosal nerves
form “veils” that extend from the posterolateral at the base of
te prostate to the anterolateral at the apex of the prostate. The
veils of cavernosal nerves are spared by incising the prostate
fascia anterolaterally and entering the plane deep to the
venous sinuses of the Santorini plexus, starting infero-later-
ally where the prostatic fascia reflects off the prostate at the
base of the seminal vesicles and proceeds in an antegrade
fashion (Fig. 2).

Careful sharp and blunt dissection of the neurovascular
bundle and contiguous prostatic fascia is then performed
using the cold scissors, to mobilize the entire prostatic fascia

Fig. 2 Plane of dissection for veil of Aphrodite

Fig. 3 Control of dorsal venous complex and completed veil of
Aphrodite after removal of specimen

and the ipsilateral pubourethral ligaments. This “veil” plane
is mostly avascular except the anterior apex of the prostate
where the fascia is fused with the puboprostatic ligaments
and covers the dorsal venous plexus. The ultimate result is an
intact “veil” of periprostatic tissue extending from the pubo-
urethral ligaments to the bladder neck (Fig. 3). In case
patients have the difficult plane to enter, possibly from the
fibrosis after biopsy, the dissection can be performed retro-
grade and enter the fascia on the anterolateral surface of the
prostate at the 10 o’clock or 2 o’clock positions to develop
the veil plane.

Robot-Assisted Radical Prostatectomy with Veil Nerve-
sparing technique (Vattikuti Institute Prostatectomy)
video performed by Dr. Mani Menon (Jan 2009):

https://www.youtube.com/watch?v=QOqjt3-3sqA

The mean distance between the resection margin and the
tumor was 0.3 mm with Veil nerve sparing and 1.4 mm with
conventional nerve sparing [16]. The photomicrograph of the
Veil of Aphrodite shows the plane of dissection is clearly
outside of the prostate capsule without capsular incision or
positive margin (Fig. 4a). With staining with S-100 for the
neural structures, the prostate fascia is on the prostate gland
with the nerves at the conventional nerve-sparing side
(Fig. 4b), while no nerve with an intact capsule is observed
at the Veil nerve-sparing side, indicating that periprostatic
nerve bundles were preserved in situ in Veil nerve sparing.

Figure 5 demonstrates the preoperative and postoperative
SHIM scores between the conventional “standard” nerve-
sparing group and the “Veil” nerve-sparing group from the
initial series of 34 Veil nerve-sparing patients. Benefits of
Veil nerve-sparing technique with respect to improved post-
operative SHIM score and quality of erections satisfactory
for intercourse. 86% of Veil nerve-sparing patients postop-
eratively achieved potency of SHIM score over 21 with or
without PDES inhibitor, and 97% of patients were able to
have intercourse postoperatively.
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Fig.4 Photomicrograph of the Veil of Aphrodite (a) showing the plane
of dissection on the capsule of the prostate. Hematoxylin and eosin,
x100. Compared to the conventional nerve sparing (b bottom left), pho-

Later, the authors updated the potency outcomes for 154
patients with Veil nerve sparing [9]. This series reported 96%
patients had intercourse postoperatively. 69% patients had
normal erection of SHIM score over 21 and 45% had used
PDES inhibitors.

tomicrograph shows lack of nerves on the prostate specimen with Veil
nerve sparing (b bottom right). S-100, X200

4.3 Antegrade vs Retrograde Dissection

The second decision for potency preservation to consider is
performing an antegrade approach versus a retrograde
approach to nerve sparing during RARP. The first descrip-
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tion of Vattikuti Institute Prostatectomy (VIP) technique
was a retrograde dissection starting from the apex of the
prostate after DVC ligation, which was changed to ante-
grade dissection as a standard technique for VIP [17]. The
authors claimed that this early apical dissection provided
enormous help to identify the apex at the time of specimen
detachment. Later, the difference in approaches was
described by Patel et al. in 2012 to evaluate oncologic and
functional outcomes after RARP [18]. While the positive
margin rate was similar between antegrade and retrograde
dissections, the potency rate was significantly higher with
the retrograde approach.

4.4  Athermal vs Thermal Dissection

The third decision for potency preservation to consider is
performing an athermal versus thermal dissection near the
neurovascular bundles and cavernosal nerves during
RARP. Menon et al. proposed athermal dissection of NVB
using Hem-O-Lok clips and sharp dissection using cold scis-
sors, to avoid electro-cautery during the dissection [1, 17].
Ahlering et al. published their results in 2008, demonstrating
the effect of thermal energy on the return of sexual activity
[19]. Potency was defined as “erections hard enough for vag-
inal penetration with or without the use of PDE-5 inhibitors.”

In the thermal dissection/cautery group, 14.7% of patients
were potent after 9 months (UNS-10%; BNS-16.7%) and
63.2% were potent at 24 months (UNS-50%; BNS-67.9%),
as compared to 69.8% after 9 months (UNS-56.3%; BNS-
72.8%) and 92% after 24 months (UNS-83.3%; BNS-92%)
for the athermal dissection/cautery free group.

4.5 Puboprostatic Ligament Preservation/

Super Veil Technique

The fourth decision for potency preservation to consider is
preserving the puboprostatic ligaments and performing a
tension-free dissection of the neurovascular bundle during
RARP [2]. With favorable anatomy, the dissection complex
formed an avascular “hood,” the so-called Super Veil. This
technique was proposed to the highly selected patients with
low-risk prostate cancer, and at a medial follow-up of
18 months, 94% had an erection strong enough for penetra-
tion with a median SHIM score of 18. According to
Asimakopoulos et al., performing a pubovesical complex
(PVC) sparing technique is feasible and may be effective in
improving early functional outcomes [20]. The preliminary
data from this trial showed that 73% of patients were potent
(defined as IIEF score > 17) with or without PDES inhibitors
at 3 months.
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Operative photos

4.6 Menon Precision Prostatectomy

As a nerve-sparing approach in development, the Menon
Precision Prostatectomy (MPP) is a novel technique
designed to maximize extirpation of prostatic tissue without
affecting functional reserve. In brief, this procedure involves
removal of all prostatic tissue except for a 5—10 mm rim of
prostate capsule (“remnant”) on the side contralateral to the
dominant lesion. An IDEAL Stage 0 study was performed
by Sood et al. in 2019 to provide preliminary data (Fig. 6)
for the current Phase III randomized clinical trial underway
at the Vattikuti Urology Institute (VUI) evaluating this focal
therapy approach for the treatment of prostate cancer [21].
Prior to the MPP, patients who are biopsy-naive will undergo
a transperineal saturation biopsy along with capsular biop-
sies, while patients who have had a prior prostate biopsy
will only undergo capsular biopsies focusing on the remnant
side. This method of thorough sampling will minimize the
chances of leaving significant cancer behind at the time of
robotic MPP.

As a fail-safe measure, the remnant prostatic capsule will
be biopsied intraoperatively to ensure absence of cancer. If
cancer is present on frozen section, a standard RARP will
instead be performed. Based on early clinical trials, there is
preliminary data (n = 8) showing that the MPP had multiple
benefits over focal/hemi-ablation, most importantly 100%
potency within 12 months. Upcoming data from patients
being enrolled in the Phase III clinical trial ought to shed
further light on functional and oncologic outcomes after
MPP. In particular, it is important to be aware that preserva-
tion of sexual potency may come at the cost of oncologic

control in MPP-eligible patients, many of whom will need
follow-up biopsies given high likelihood of clinically signifi-
cant disease in remnant tissue.

5 Future Strategies

Novel approaches to nerve-sparing techniques for the RARP
remain on the horizon, with the possible adoption of aug-
mented reality (AR) technology for prostatic surgery [22].
An early study published in 2020 demonstrated the effec-
tiveness of a 3D model with AR to guide nerve sparing dur-
ing RARP, with AR-3D technology changing the
nerve-sparing approach in 38.5% of men on patient-based
analysis and 34.6% of sides on side-based analysis. The
theorized benefits of AR-3D technology include improved
identification of the index prostate cancer, meticulously tai-
lored dissection to the index lesion, and modification of the
extent of nerve sparing. Other efforts to help integrate
mpMRI and clinical data for surgical planning of RARP are
currently being investigated [23].

6 Conclusions

In summary, robotic technology and nerve-sparing approaches
have transformed the field of urology—and urologic oncol-
ogy in particular—in tremendous ways. The ideal outcome of
oncologic control with complete recovery of sexual potency
after RARP remains elusive. However, as described above,
multiple innovative nerve-sparing approaches including ret-
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Fig. 6 Simulation, pictorial
representation, and outcomes
of focal HIFU in the
whole-mount radical
prostatectomy specimens of
patients eligible for focal
therapy; n = 25 patients
(IDEAL stage 0 study)
(reproduced with permission
from Sood et al., BMJ
surgery, interventions & -

health technologies, 2019). * omuated
patients fulfilling the criteria
of 40 g prostate weight for
focal HIFU; only the
dominant nodule was treated
in this simulation—where the
dominant nodule was within

5 mm of the edge of prostate Analysis of whole-mount prostatectomy with focal therapy*

capsule, a part of the

dominant nodule was Patient with no cancer left behind 1

considered not treated in this Patient with cancer left behind 24

simulation. 14 patients had Clinically non-significant

dominant nodules within 343 7(0,7)

5 mm of edge, hence, a part Clinically significant

of dominant nodule was 3+4 11 (8, 3)

cor1.51dered untree}ted; 10 443 4 (4,0)

patients had dominant nodule

completely treated, but had 4+4 1(1,0
’ 4+5 1(1,0)

additional nodules

rograde dissection, going cautery-free near the neurovascular
bundles, sparing the endopelvic fascia, and puboprostatic
ligament preservation have been performed at multiple insti-
tutions with varying degrees of success in improving potency
recovery. Thorough analysis of the MPP clinical trial data
will be helpful in integrating current knowledge with future
nerve-sparing strategies to achieve clinical excellence in the
treatment of prostate cancer.
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1 Introduction

Technology and surgical practice are in the fourth generation
of Surgery: Robotic-assisted Minimally Invasive Surgery
(RAMIS). The three previous generations are: Open surgery,
endoluminal surgery (flexible endoscopy), and laparoscopic
surgery, each one building a new niche and even spawning
new “specialties,” thus the need for continuous training at all
levels of surgeons: novice initiates, current practitioners and
even senior surgeons. In the author’s career, all three “gen-
erations” were “new” technologies with unique challenges
and required initial training and retraining, as the technolo-
gies allowed opportunity for “less invasive” surgery, there
was improvement in reduced pain, shorter hospital stay,
lower cost, and improved outcomes. Repeatedly, it became
time for retraining in the “new” technology—and currently,
it is RAMIS. Some fundamental principles and basic skills
remain the same (allowing the surgeon to build upon accu-
mulated knowledge and psychomotor skills), yet there is a
need for adaptation and adopting to the new technology. And
while the first three generations made major evolutionary
changes, RAMIS is a totally disruptive change and uniquely
representative of the Information Age (Digital Age).

Not only does the surgeon need new knowledge in medi-
cine and surgery, but also must learn (at least superficially)
many of the new digital (non-medical) technologies (com-
puters, information science, mechanical engineering, and
soon telecommunications). For the first time ever, the sur-
geon does not “see” or even “touch” the patient during the
surgical procedure. The surgeon looks at a video monitor
(not the patient’s organs, tissues, etc.) and does not “directly
manipulate” instruments; rather the surgeon receives visual
information (image on the monitor) and sends information
using electronic “handles” (input device) to move the instru-
ments. The RAMIS is essentially an “information system,”
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allowing the manipulation of instruments with more accu-
racy and precision than the unaided hands. But it is also the
only surgical system that can connect with the internet, the
Internet of Things (IoT), supercomputers, artificial intelli-
gence, remote surgery sites, and yet to discover next genera-
tion of surgery (see FUTURE section). Just as flexible
endoscopy (and its inherent technologies) was the transition
from “traditional” Industrial Age open surgery to the
Information Age minimally invasive surgery, RAMIS is the
transition from Information Age minimally invasive surgery
to a future of non-invasive surgery. With each transition, the
complexity (and hence the need for training) increases.

All surgical education, and especially RAMIS, has under-
gone an entirely new approach to education and training,
such that the following principles apply to not only RAMIS
but to surgical education in general.

Changes from earlier education have suddenly changed,
rather than evolving slowly over time. Traditional training
consisted of knowledge gained from books in the library or
didactic lectures in a lecture hall plus technical clinical skills
observed and practice on a cadaver or patient. And assess-
ment of knowledge was through standardized testing and
oral examinations, while technical clinical skills were mainly
assessed through observation and subjective opinion of per-
formance. Engagement for learning/practicing was episodic
and opportunistic, principally reliant upon the various dis-
eases which presented to the hospital or surgeon. This recent
paradigm shift rapidly occurred during the final decades of
the twentieth century.

2 Current Status

Information Age training has expanded the educational expe-
rience enormously by adding (not replacing) traditional
methods and has introduced advanced technologies and
learning principles, with as much patient-centered focus as
there is a focus upon the needs of the surgical trainee. And
while formal education/training previously ended upon com-
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pletion of residency, the current direction is upon planned
continuous professional development CPD) and life-long
learning - not specific learning at specific times of a career.
There is a new emphasis on formal training for remediation
and, because such rapid surgical technological changes are
occurring, there is the need for learning new surgical
technologies and techniques. This is in counter-distinction to
former surgical education, where knowledge and skills
learned during residency were sufficient for an entire career.
Thus, there is a need (requirement?) for continuous evalua-
tion and self-evaluation of RAMIS training.

The onset of online learning, which has been heralded by
the inception of the Internet and personal mobile telecom-
munication, has resulted in learning at any time, from any
place, about any subject, with any real-time or archived
information, and near-limitless opportunities through the
Internet. With the onset of the COVID-19 pandemic, educa-
tion is presented through telemedicine with remote individ-
ual learning or through webinars or conferences. Other
adaptations include remote applicant interviews and the con-
cept of hybrid classrooms. Training is not only one-way
transfer from teacher to student but has become highly inter-
active, especially with automatic real-time feedback.

One of the most important new aspects of current medical
practice is that of “evidence-base medicine,” which has the
foundational principles being that medical practice must be
conducted through scientifically verified evidence derived by
the scientific method—thus changing from subjective
opinion-based practice to objectively proven evidence-based
practice. For surgical technical skills training, in 1996,
Reznick et al. [1, 2] introduced one of the first curriculum
using objective scoring of skills performance called objec-
tive structured assessment of technical skills (OSATS) for
surgical residents. Numerous new curricula followed, based
upon the OSATS methodology. With the introduction of lap-
aroscopic surgery, the Society of American Gastrointestinal
and Laparoscopic Surgeons (SAGES) created the
Fundamentals of laparoscopic Surgery (FLS), which was
later required by all surgeons by the American Board of
Surgery.

One of the more important new methodologies in RAMIS
surgical training was introduced in 2002 by Gallagher and
O’Sullivan’s book is proficiency-based progression (PBP)
skills training [3]. This is predicated upon a rigorously
defined curriculum with objective outcomes measures, met-
rics and milestones, and then setting benchmarks values,
which are derived from the mean of the performance of
experienced (expert) surgeons performing the surgical skills
curriculum, thus setting the values of performance which the
learners must achieve before performing surgical
procedure(s) upon patients This has been accomplished
because of the introduction of surgical simulators, which

allow the learner to practice surgical skills/procedures with
“permission to fail” without harm to a patient, and continu-
ing to practice their skills until performing without errors for
two consecutive trials. Then and only then may the learner
progress to the next task or procedure. Using this methodol-
ogy, Satava et al., developed and then validated a RAMIS
curriculum called the Fundamentals of Robotic Surgery
(FRS) [4]. Initial attempts were to use the FLS physical mod-
els; however, a new 3D model was created to optimize train-
ing of the “wrist” of the RAMIS systems. Regardless of
future training, robotic or otherwise, the key issues with any
surgical educational curriculum can be summated as:
“Evidence-based medicine requires evidence-based
education.”

The latest addition to RAMIS training assessment is video
review of performance, especially using crowd-sourced
assessment of technical skills (C-SATS) [5] methodology.
While there are a number of variations of video review of
surgical skills performance, all methods require submission
of the whole (or a portion of) a procedure training on a simu-
lator or of an actual clinical surgical procedure. A panel of
raters - surgeons, faculty, educators, or a professionally
trained group of non-medical professionals (the “crowd”)—
are selected to review a “critical and/or representative” por-
tion of the procedure to score with a validated checklist, such
as the Global Evaluative Assessment of Robotic Skills
(GEARS). Such a panel has the experience to objectively
and rapidly quantify technical performance and evaluate the
level of expertise (Novice, Intermediate, Expert) of the sub-
ject. The report that is generated can be used as feedback to
the learner, or as evidence of technical performance for hos-
pital privileging committees. The issue of certification is
addressed below.

3 Future Trends

One certainty is that the current rapid technological innova-
tion will continue, and likely at an even more accelerated
pace. The next generation for RAMIS to transition to will be
non-invasive surgery. While most of the infrastructure for
this to happen is in place, the missing element is the next
generation of “instruments.” An indication of one pathway
will be non-invasive “directed energy.” Today there are a few
early examples. In general surgery, there is the use of high-
intensity focused ultrasound (HIFU) which is used for trans-
cutaneous, non-invasive ablation of solid tumors (benign and
malignant) in many of the subspecialties; in the neurosur-
gery, transcranial HIFU is used for solid tumors in the brain
and for eradication of foci of excitation in various motion
abnormalities, like epilepsy, Parkinsonism and other dyski-
nesias. In addition, there are new applications using photon-
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ics (of which lasers are one example). Photo-biomodulation
(light that can induce apoptosis or angiogenesis) is in
research phases. In addition, devices are available to provide
instantaneous diagnosis through Raman spectroscopy or
mass spectroscopy; combining both diagnosis and treatment
in a single device is referred to as Directed Energy for
Diagnosis and Therapy (DEDAT) [6]. Although current pro-
totype systems are handheld, future versions would require
the use of robotics to provide the precision and systems inte-
gration for artificial intelligence enhanced image guidance.
In the farther future, research on brain—-machine interfaces
(BMI), based upon current research success with implant-
able neural prostheses linked to prosthetic arms [7], suggests
a distant future where remote robotic arms will be controlled
by a surgeon’s thoughts. In the immediate future, the next
generations of telecommunications (5-G and 6-G) will have
such massive bandwidth, low latency, and high reliability
that remote telesurgery can become a reality, depending
more upon business models, regulations, opportunities, and
acceptance than on technological capabilities. Such innova-
tive systems will clearly require special training for their use.

Although there currently are computer-based simulators,
they are limited to basic skills, simple tasks, or elementary
procedures and often at low visual fidelity. The next-
generation surgical simulators will be significantly more
complex, having high visual realism, interactivity, and feed-
back based upon very realistic tissue properties, and major
improvement in haptic sensation. The stand-alone simula-
tors, as well as RAMIS systems (which will have the option
for integrated simulation), can be connected to the internet,
providing access to real-time augmentation by supercomput-
ers, artificial intelligence (Al), computational analytics, and
feedback to improve not only technical skills but perception
and decision making. There will be the opportunity to per-
form pre-operative planning and surgical rehearsal upon the
patient-specific 3D reconstructed CT scan, permitting the
surgeon to plan and practice various surgical approaches to
customize and optimize the surgical outcome.

The above connectivity will bring an Al ““virtual mentor”
during simulation training, as well be available during surgi-
cal procedures, for guidance, alerts, or consultation. There
will be automatic collecting of information (in all formats),
intra-operatively for archiving the procedure into personal-
ized Big Data, analyzed by computational analytics and
retrievable and immediately useable—for situational aware-
ness, predicting possible outcomes, answers to inquiries/
request, the electronic medical record (EMR), etc. There is
research in automating certain simple tasks (suturing, knot
tying, etc), to support the surgeon especially in very difficult
or inaccessible locations, which will likely be implemented
in the near future, though complex surgery performed auton-
omously by a robot is in far distant future—if at all.

4 Certification

It is critical at first to distinguish between certification, cre-
dentials, and privileging. Certification is “confirmation that a
certain level of achievement has been reached”—this is nor-
mally awarded (a certificate) by an accredited authority to a
surgeon after high stakes examination, such as one of the
many surgical “boards,” which is forwarded to the Hospital
Credentials Committee. Credentials is “any document used
as a proof of identity or qualifications to serve as a recom-
mendation or qualification for a person, a person’s actions,
etc.”—these are collected by the Credentials Committee and
forwarded to the Hospital Privileging Committee. Privileging
is “to be entitled fo a special right or benefit; to authorize or
permit something”—in healthcare, this is awarded by the
hospital (or institution) through their Privileging Committee
to which the surgeon is applying for permission to practice.
It is the Privileging Committee that reviews all the docu-
ments and information (letters of recommendation, creden-
tials, license to practice surgery, educational (including
fellowship and CME) and employment records, etc.) needed
to recommend that the applicant surgeon met the qualifica-
tions to be permitted to the requested scope of practice of
surgery at the hospital.

Initially, the certification process began with training dur-
ing the residency until the Program Director and Chair of
Surgery determined that the surgeon was ready to graduate.
Before the practice of “Surgery” was divided into the current
major specialties (Neurosurgery, Urology, Orthopedics,
General Surgery, etc.) and then further divided into subspe-
cialties (bariatric, hepatobiliary, colorectal, hernia, trauma,
etc.), after completion of residency in “Surgery” the surgeon
was “trained” to literally any type of surgery. Training and
evaluation in the major specialties evolved to the additional
evidence needed for competence, resulting in certification by
the major specialty societies/boards. Current status, with
multiple subspecialties, requires proof of graduation from
one of the major specialties, and further evidence from the
major specialty and/or proof of completion of a subspecialty
fellowship. At this time, the issue of whether RAMIS is an
additional subspecialty, or if it remains a part of the major
specialties is under discussion. Although RAMIS is acknowl-
edged as needing additional training, the question remains
whether a separate fellowship is required, or robotic training
is required as part of every specialty and subspecialty.
Wherein lies the conundrum of what constitutes “training” in
RAMIS and hence what (if any) formal certification is
required for the Privileging Committees.

The current status appears to be determined by the local
hospitals—what will they accept as qualifications to perform
robotic surgery. What the difficulty is the determination of
amount of time and/or cases of non-patient training (fre-
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quently in a simulation laboratory or center), in addition to
the number of surgical cases during completion of training.
The minimal most thorough and advanced training appears
to be the following:

1. One week of laboratory training, with both: (1) instruc-
tions for use (IFU) of the robotic system, as required by
the FDA for any surgical device; and (2) RAMIS technical
surgical skills training, conducted by surgical faculty,
which can include basic skills (usually on a simulator),
followed by procedure training on a high-fidelity simula-
tor, animal model and/or cadaver. [NOTE: This can be a
dedicated week, or spread over multiple weeks—the total
hours for training have not been clarified] This can be the
initial part of a fellowship, or within a surgical residency,
depending upon the resources and programming of the
residency].

2. Observation followed by acting as bedside first assistant
during RAMIS procedures, with gradual increase of per-
forming steps of the procedure.

3. Resident/fellow as a primary surgeon with faculty assist-
ing as a preceptor, with increasing responsibility for the
resident/fellow.

4. Resident/fellow as primary surgeon, with faculty (as a
preceptor) available as needed.

5. Proctoring first 2-3 cases (proctor observing and con-
ducting formal evaluation on behalf of Privileging
Committee).

6. After privileges granted: Minimum of 25 cases/year, with
at least 2 cases/month—averaged as 6 cases/3 months
(this is based upon data indicating that skills degradation
reaches a maximum by 2 weeks).

7. Some suggest addition of submission of 1 procedure vid-
eotaped/3 months for an independent video review by an
independent panel of peer for the first 3 years, preferably
by the C-SATS model of review.

The long-term evaluation is unclear, though there is some
early evidence that submission of a minimal number of cases
for video review every year for evaluation, especially for
feedback from video review panel for quality improvement
not only individual surgeons but the hospital robotic program
performance should be monitored at least annually.

Suggestions for exploration of future program opportuni-
ties based upon emerging technologies include:

Technology to provide real-time outcomes and milestone
assessment (intra-operatively or post-operatively?)

Comparison of outcomes to peer-performance—Iocal/
national

Development of much larger/comprehensive personal/insti-
tutional database of performance (big data)

Scheduled reporting of deidentified video-review perfor-
mance of robotic surgery evaluations

5 Conclusions

Technology innovation is a major force in robotic surgery of
all kinds. The non-medical information technologies can
radically increase innovation and turn current potential
robotic opportunities (telesurgery, pre-operative planning
and surgical rehearsal, addition of Al and haptics, transition
to non-invasive surgery, etc.) into realities within the next
decade. However, every significant increase in technology
will require a complimentary development of surgical educa-
tion, training, and assessment. The new tools of evidence-
based education (Proficiency-based progression methods,
objective assessment of skills (including C-SATS type of
video review, surgical simulators)) will significantly enhance
surgical training. Life-long learning and continued profes-
sional development will be necessary to keep up with the
rapid pace of change.
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Preparation of the Operating Room,
Back Table, and Surgical Team

Travis Rogers and Cathy Corder

1 Introduction

In order for hospitals and physicians to remain competitive,
ongoing training and the use of new technology are neces-
sary to keep pace with the ever-evolving healthcare world.
Robotic surgery is a perfect example of how technology has
revolutionized the surgical field.

Establishing a robotic surgery program requires a struc-
tured plan and key elements in place to allow successful
development. Once the decision has been made by your hos-
pital to become a robotic facility, there are several “next
steps” that need to be taken before starting the program per
se. The establishment of an economic model is crucial for a
robotic program. Development of the business plan requires
an evaluation of the direct costs (such as buying the robotic
system) and of the associated material, staff recruitment,
and/or staff training. Possible operating room (OR) modifi-
cations could be necessary to support the console and the
other equipment. Meanwhile, a robotic surgical team needs
to be established aiming to create and maintain the standards
necessary to make the program successful.

The beginning of a robotic program is challenging as mul-
tiple members of the team are learning the technology and
their personal roles. Although the learning curve can be con-
sidered less challenging than pure laparoscopic for the sur-
geon himself, there are so many other aspects that need to be
developed at the beginning of the experience. Robot prepara-
tion, docking and undocking, use of disposable and new
instruments, assisting at the bedside far from the console: all
the different people involved in the robotic program have
their own role and learning curve which can affect the overall
outcomes.

In this chapter, we will discuss the essential elements
involved in the preparation of the robotic operating room, the
back table, and the robotic surgical team.

T. Rogers (P<) - C. Corder
Global Robotics Institute, Advent Health, Celebration, Fl, USA

2 Preparation of the Operating Room

A robotic operating room reserved and dedicated for robotic
surgeries is advisable. This will avoid the timely and arduous
task of transferring the robot between rooms, which may
lead to increased setup times, chances of mechanical or wir-
ing damages, and decreased productivity. A robotic OR
needs larger spaces due to the surgical console and surgical
cart. Farther, there is a potential need for specific robotic
assistants used in addition to the regular OR staff, particu-
larly at the beginning of the learning curve. It is recom-
mended to maintain a specific number of stock due to the
short life of many disposable instruments and the need for
extra instruments in case of possible malfunctioning.

Therefore, OR planning should include time and room
availability, room layout, availability of proper receptacles
and circuits, imaging (either monitor or 3D room projec-
tion), and access to supplies. Having a dedicated robot
room(s) enhances productivity, quickens turnover time, and
limits potential damage to the robot in transport. With these
aspects in mind, state-of-the-art operating theaters were
designed to accommodate the specific needs of the surgical
robot, OR team, and the patient. These rooms provided
incorporation of additional imaging modalities and the abil-
ity to broadcast out educational live surgical cases to training
physicians [1, 2].

Here are described particularities of a robotic OR that
should be attended:

* Robotic operating theaters need larger rooms; around
60 m? feet is considered optimal for a robotic system to fit
in comfortably. Smaller rooms will make personal flow
and placement of equipment complicated.

e LCD screens and appropriate technological controls are
advisable.

o Keeping all the electrosurgical units together can avoid
scattering of the cables. A tower to hold all the cables and
units can facilitate the circulation and avoid accidents
inside the OR.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 33
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e Make sure to have available an OR table that allows steep
Trendelenburg and reverse Trendelenburg.

e Group apparatus according to their use. It will make
location of replacements or extra instruments easier and
faster.

e If possible, make available wall gas for pneumoperito-
neum. Gas tanks occupy space in the OR and often require
hanging before finishing the case. During the longer
cases, especially in the beginning of the learning curve, it
is not uncommon to go through 2-4 tanks of gas.
Occasionally tanks that are thought to be full are discov-
ered to be empty after changing.

Because robotic surgery is expensive but continues to
grow, there is a need to improve its cost-competitiveness.
Diminishing operative costs is of utmost importance and is
enhanced with reduced operative time and faster turnover. In
this regard, any modifications of procedure or technology
that lower operative time are essential. Simple modifications
can optimize OR productivity such as:

Time-oriented surgical goals for trainees. Trainees can
significantly increase operative times when in learning curve.
The establishment of time-oriented surgical goals (e.g.,
30 min for vesical-urethral anastomosis, then the proctor
assumes the console) can decrease surgical times besides
making surgery safer for the patient [3].

Having a dedicated anesthesia and OR team can deter-
mine significant reduction in operative times. As those teams
surpass their learning curves, operative times reduce as well.

Create a presurgery robot-specific inspection checklist so
that everything will be available and ready when the patient
arrives in the room. Specifically, this checklist must include
basic laparoscopic and robotic instruments that are crucial to
initiate the surgical procedure: light cable connected to the
light source and to the camera; white balance, focus, and the
robotic scope alignment; suction and irrigation; insufflator
tubing connected to the insufflators which is turned on to
allow the surgeon to see that there is proper flow of CO,; an
extra tank of CO, if wall gas is not available; the Veress nee-
dle checked to make sure the tip retracts properly; both the
handheld and robotic electrocautery tested to make sure they
are functional; and, finally, a sterile open tray should be
available in the room.

If wall gas is not available, monitor quantity of gas
remaining in the CO, tank to allow for anticipation of a
change. It is also advisable to employ an insufflator system
with two tanks of gas so they can be switched when the first
one gets low and then replace the first empty tank.

Maintain enough instruments to perform at least two
cases, so that back-to-back procedures will not have to wait
for equipment to be cleaned.

Custom packs and minimal instrument sets can help to
reduce the turnover time. The cost of the pack that contains

everything needed for robot draping is close to the cost of
opening each item individually. The savings are seen in the
time it takes to open one pack versus several individual
items.

Have available and sterile all types of individual instru-
ments that can be necessary during the procedure, such as
positioning supplies, robotic instruments, drapes, scopes,
light cords, and even camera heads.

Reducing turnover times is also essential for improving
productivity and having a dedicated team for that is a key
point. As with all surgeries, optimization is critical to ensure
consistency between cases and to maximize efficiency.
Determining personal function in every step of the turnover
is essential [1-4].

Surgeon Surgeon is responsible for positioning the patient,
performs surgical site assessment, makes incisions, places
ports, and docks robotic arms. At the end of the procedure
the surgeon closes the port sites and goes to speak with the
family and sees the next patient.

First Assistant First assistant helps to set up back table,
check presurgery inspection, and assist preparing the patient,
gathers and inspects robotic and auxiliary instrumentation as
well as prepares them for insertion. At the end of the surgery
the first assistant can help in undocking the patient cart,
clearing the back table, and assisting in the turnover
process.

Surgical Scrub The scrub tech sets up the back table before
the patient gets into the room, drapes the patient cart, assists
the surgeon with incisions, port placement, and docking the
cart. During the procedure the surgical scrub maintains all
necessary sterile supplies on the back table and anticipates
what to give the assistant for the next step in the surgical
procedure.

Circulator Circulator gets the patient from the preoperative
suite, positions and prepares the patient, prepares auxiliary
equipment (energy source, gas, etc.), and positions the
patient cart. At the end of the procedure, they remove the
patient cart from the patient as well as undrape it, cleans the
system, and takes the patient to recovery.

3 Preparation of the Back Table

In the beginning, preparing the back table for a robotic pro-
cedure is trial and error. Until the surgeon becomes skilled
with robotic surgery, this will be a learning experience for
everyone. Depending on the previous experience of the main
surgeon, it will be necessary to keep laparoscopic or open
surgery instruments on the table for eventual conversion.



Preparation of the Operating Room, Back Table, and Surgical Team

35

Occasionally, both types of instruments will be necessary
even if they obviously will not be used.

Once the surgeon works through the learning curve, it will
be easy to make a robotic case preference card. A custom
procedure pack should also be prepared. Prepare packs with
supplies as base robotic instrument trays can help to decrease
the room turnover time. Instruments that must be used by
every surgeon using the robot can be put into a basic tray.

The items necessary to support a robotic program include:

e A dedicated robotic/laparoscopic room.

e Reusable robotic accessories (e.g., sterile adapters,
scopes, light guide cables, trocars).

e Limited life reusable robot instrumentation that can be
used on as few as eight or as many as 20 cases depending
on which instrument it is (e.g., needle drivers, forceps,
scissors, cautery tools).

Table 1 Surgical instruments for robotic-assisted radical prostatectomy

Laparoscopic instruments and trocars

» Laparoscopic scissors * Monopolar

Robotic instruments

Laparoscopic needle driver * Long bipolar grasper
Laparoscopic Weck Hem-o-lok clip appliers and ¢ Robotic needle drivers

* Disposable robotic supplies (e.g., drapes, cannula seals).

e Additional smaller (5 mm) ports and instruments which
are necessary for pediatric programs as well as bariatric
trocars for extremely obese patients.

As the surgical technique is refined, use of only one or
two instruments (e.g., curved cautery scissors and bipolar
Maryland grasper) becomes more common, thereby saving
cost and time. In addition to the supplies provided by the
robot vendor, other equipment and materials are required
including insufflators, a suction irrigator, a scope warmer,
video equipment, clips, sutures, trocars, and basic laparo-
scopic instruments (scissors, graspers, clip appliers, nee-
dle drivers). Examples of robotic and laparoscopic
instruments used during robot-assisted laparoscopic radi-
cal prostatectomy (RALP) are listed in Table 1 and dis-
played in Fig. 1.

Sutures

* 2-0 Quill Monoderm VLM
2005 (DVC)

* 2-0 Quill Monoderm VP

disposable clips * ProGrasp 2000 (double arm cut in half, bladder neck
 Laparoscopic grasper * Monopolar and bipolar cord reconstruction)
* Long suction tip (5 mm) ¢ Robotic trocars (8 mm) e 2-0 Quill Monoderm VLM
* Endocatch bag 2005 (Rocco/Posterior Reconstruction)

Laparoscopic trocars (5 and 12MM Surgiquest)
Veress needle

S retractors

Facial closure device

Fig. 1 Basic back table
including laparoscopic and
robotic Xi instrumentation.
Laparoscopic and robotic
instrumentation left to right:
robotic and disposable
trocars, Weck hem-o-lok
disposable clips, Weck
Hem-o-lok laparoscopic clip
applier (10 mm Large). In the
basket: Medtronic
MicroFrance graspers x2,
suction tip 45 cm, needle
driver, EndoWTrist monopolar
scissor, EndoWrist ProGrasp
forceps, EndoWrist long
bipolar grasper, EndoWrist
large needle driver x2,
Ethicon Endocatch bag

* 2-0 Quill Monoderm VP
2000 (Double arm, anastomosis)
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4 Troubleshooting

Malfunction of the robotic system is rare and is mostly sec-
ondary to inappropriate setup or skipping fundamental steps
in preparing the robot or docking. It can impair surgical
times and even put the patient at risk. It is important to
always have an experienced and well-trained team to over-
come any difficulty. Here are a few basic situations and the
troubleshooting tips to deal with them.

e Dark Image or Pool Color: Check default settings on
camera control unit (CCU) and redo black and white bal-
ance. If it does not work, replace endoscope or light cable
and redo white and black balance.

e Flickering Image: Turn system off and reset vision cable
connections and/or camera cable at CCU; then turn on
again. Replace camera cable. If noise happens only when
cautery is applied, separate energy source units.

* Blurry Image: Clean endoscope, review focus from
focus controller or camera head, review focus from sur-
geon console, change endoscope or camera head.

¢ EndoWrist Instrument Not Engaging: Remove and
reset instrument arm or EndoWrist instrument, try another
instrument in that arm, replace sterile adapter, and drape
and reset arm.

¢ EndoWrist Cautery Not Responding to Footswitch:
Check cable connections, grounding pad, AC power con-
nection. If that does not work, attach generator to stan-
dard exterior foot pedal.

5 The Surgical Team

The creation of a functioning robotics team is imperative to
the success of the program. The ability of the operating room
staff can make or break a program; therefore, consistency of
staff is necessary to avoid delays.

A proper OR setup includes at least two surgeons, a surgi-
cal scrub, circulating nurse, and anesthesia personnel. With
the widespread use of the devices equipped with a fourth
arm, the second assistant became unnecessary. A dedicated
team of surgeons and OR staff is crucial to the successful
implementation of a robotic program. Constantly changing
assistants, nurses, and anesthesiologists delays the turnover
and operative time, increasing cost [1-7].

The first assistant must be an individual that has fore-
thought into the procedure to ensure timely and efficient
cooperation. Contrary to traditional open surgery, robotic
surgery implies that the leading surgeon does not have direct
contact with the patient, being completely immersed in the
console, making the surgeon extremely dependent on the
assistant. Usually, robotic surgeons feel more dependent on
the assistant then when performing pure laparoscopic proce-

dures. Thereby, there must exist a perfect coordination
between the team. A complete knowledge of the anatomy
and the surgical steps is also mandatory for the assistant to
provide adequate traction and exposure of the surgical field
according to the surgeon’s preferences and to place vascular
clips or vascular clamps. Because of this, it is extremely
important that the bedside surgeon or the surgical technician
has good laparoscopic skills. The first assistant will be
responsible for the establishment of pneumoperitoneum,
safe port placement, exposure and manipulation of tissue,
suctioning, passage of suture and retrieval of needles, bag-
ging of specimens, and port closure. Knowing profoundly all
the surgical steps can greatly reduce operative times and can
be achieved with mentoring and careful study of recorded
cases. Unlike open or other endoscopic surgeries, many
robotic surgeries, especially radical prostatectomy, are nearly
impossible to perform without an accomplished first assis-
tant [1, 2, 4].

There are not specific particularities to robotic surgery
regarding anesthesia, when comparing to laparoscopic sur-
gery. Especially in the early stages of the program when
cases are likely to be of longer duration, an anesthesiologist
familiar with laparoscopic anesthesia is critical to patient
safety. The steep Trendelenburg position used by many teams
coupled with the intraperitoneal approach can create difficul-
ties with high ventilatory pressures and carbon dioxide reten-
tion and can also lead to facial and corneal edema. Anesthetic
techniques to deal with these problems should be familiar to
the team [1-7].

Finally, the scrub and circulating nurses play important
roles in the background of the procedures [8]. The surgical
scrub should coordinate with the assistant during the entire
procedure, providing sutures and instruments and helping
taking care of the camera. A team able to efficiently prepare
the robotic system, including the draping and calibration of
lenses, will make possible earlier start times and more rapid
case turnover. The nursing staff should rehearse with the rest
of the surgical team so that all parties know what equipment
is regularly needed and have available instruments, sutures,
and catheters that are needed less frequently. Efficiency and
decreased learning time will be facilitated with a devoted,
well-trained, and consistent team. Initial consistency will
increase efficiency and facilitate education of future team
members [1-7].

6 Training of the Surgical Team

Once a robotics program has been established, the focus
shifts toward training. Proper training of the next genera-
tion of robotics surgeons is a key aspect to maintaining a
successful program. Most hospitals generally require com-
pleting a Robotic Training course, taught by representatives
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of the robotic company, for credentialing. All surgeons and
supporting OR staff must complete this basic robotics
course which emphasizes the various parts of the robot,
robot setup, and basic use of the console. For OR staff, the
course focuses on robot setup, draping, proper mainte-
nance, and troubleshooting. Staff training may be most
beneficial in a community setting where there are no rotat-
ing students. Everyone on the team should attend this in-
service training [7].

A “dry run” is also advisable before the first case. During
this dry run, everyone on the team should have the chance to
perform his role: set up the room the way it will be for the
case, set up the back table with instruments, position the
patient on the OR table safely, and place the equipment and
instruments in the adequate location. Use this walk through
to fine-tune your procedure and never stop fine-tuning. For
the initial cases, it is advisable to have a robotic company
representative present in the operating room. In the event a
surgeon or any other member of the robotic team has a ques-
tion or problem, troubleshooting with a representative can
occur immediately.

When the robotic program first starts, the team is often
asked to stay late to finish cases, which eliminates staff
changes mid-case in the beginning of the learning curve.
They may find themselves working without breaks or even
lunch because the team is small and specialized. The ideal
team will have an extra trained person or facilitator. That per-
son can help with turnover, give breaks or lunches, run for
supplies, or prepare the instruments for the next case.
Everyone on the team needs to recognize how important they
are to the success of the program. Surgical fellows, residents,
physician assistants, and even the surgeons should be able to
take over for any member of the team.

After the first few cases it is important to meet as a team
and discuss what went wrong and how to make it better. But
more importantly, talk about what went right and congratu-
late for a job well done. Inviting the staff for educational
meetings as well as social events can also help to create the
“team spirit,” crucial for a successful robotic program [7].

The surgical team should continue to maintain their
robotic competencies by completing online modules pro-
vided by the robotic company, robotic in services, as well as
attending any robotic educational conferences available to
them and by using an established list of robotic competen-
cies developed by their institution. Certificates of completion
should then be put in all staff education folders.

7 Conclusion

Robotic Surgery is rapidly becoming the benchmark for
many different surgical procedures. The number of compa-
nies having surgical robots is constantly growing. No matter
what system your institution has or may change to in the
future, following the outline in this chapter can lead to a suc-
cessful and safe robotics program.
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The Role of Bedside Assistant in Robotic
Urological Surgery
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1 Introduction

Robotic surgery is primarily based on an efficient team
which includes the console surgeon (CS), bedside assistant
(BA), anesthesiologist/CRNA, surgical technologist, and cir-
culating nurse. Teamwork in robotic surgery should correlate
to a pit stop in a Formula 1 race. Each member has a specific
role to play strictly adhering to the protocols. A delay in mil-
liseconds by one person can cost the trophy for the racer. The
bedside assistant plays a key role which cannot be underesti-
mated as even a small error in assistance can potentially lead
to a catastrophe. The assistant should anticipate and enhance
the actions of the console surgeon. The prerequisites to be a
BA are, first, a great passion toward surgery and robotics,
second, basic training in laparoscopy, and third, knowledge
about the surgery and mechanism of the robotic surgical
system.

The reappraisal of every surgical video by the console
surgeon along with the bedside assistant greatly improves
their coordination in the surgery and thereby improving
speed and efficiency of the surgery as a whole. By actively
participating in the bedside assistance in robotic surgery, one
can refine his or her laparoscopic skills and the lack of tactile
sensation for the CS can be bridged by the BA at times. It is
always prudent for the CS to walk through the surgical steps
with his or her team prior to the surgery in complicated or
uncommonly performed cases.
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2 Preoperative Preparation

2.1 Room Setup
The operating room must be spacious enough to accommo-
date the robotic system (patient cart, vision cart, and con-
sole). Optimal temperature and humidity should be
maintained in the operating room. Sterile draping of the
robotic arms should be done before starting the surgery. The
robotic team should be aware of the proper placement of
patient table, carts (vision cart, patient cart, and anesthesia
cart), instrument trolley, etc., for each surgery specifically.
Vision cart or standalone monitors should be placed ergo-
nomically for the bedside assistant. All the cables between
the carts and console should be properly tucked and guarded
to avoid accidental dislodgement. A dedicated cart for robotic
endoscopes (30° and 0° if needed) should be present.

The main instrument table should be arranged by the sur-
gical technologist who lays out the following (using robotic-
assisted laparoscopic radical prostatectomy as an example):

. Veress needle/Hasson’s cannula

. Robotic and assistant trocars

. Anti-fog solution or hot water in sterile flask

. Laparoscopic  instruments—scissor, needle
grasper, and bariatric suction tip with irrigator

. Hem-o-lok clip applier with clips

. Necessary suture materials for the surgery

Monopolar cable, bipolar cable

. Tubings for insufflation, suction, irrigation

. Robotic instruments—monopolar curved scissors, bipo-
lar dissecting forceps (Maryland/Long/Fenestrated),
Prograsp, and 2 large needle drivers.

A W N =

holder,

O 0 N

Emergency table should be kept ready with the following
instruments:

1. Vascular clamps
2. Rescue stitch with hem-o-lok clip

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 39
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3. Tissue sealants
4. Open surgical instruments in case of conversion

Each member of the team should be aware of the surgery
and possible intraoperative complications. A short discus-
sion by the bedside assistant to the OR team prior to initiat-
ing surgery plays a major role for assuring a safe and effective
operation.

2.2 Patient Positioning

The positioning of the patient in robotic surgery should be
done right at the start, as after docking, repositioning of the
patient cannot be done without undocking. Ideal positioning
of the patient ensures proper exposure of the operating area
without compromising the safety of the patient. The anesthe-
siologist or CRNA should be familiar with the possible com-
plications of OR table position (full Trendelenburg for
example) and should be ready to address it and discuss with
the surgical team. The BA should check adequate cushioning
of pressure points, and make sure that the patient’s position
is supported sufficiently to prevent sliding of the patient dur-
ing surgery (like shoulder supports in Trendelenburg posi-
tion and side supports in lateral position) and allows adequate
range of movement of the robotic arms without causing any
inadvertent injury to the patient.

3 Intraoperative Role with Console
Surgeon

This section will be directly referring to the da Vinci Xi sur-
gical system and robotic prostatectomy technique we per-
form, which was described by Patel et al. [1, 2].

3.1 Starting the Surgery

3.1.1 Trocar Placement

As the patient is now completely secured to the operating
table and our anesthesiology team has completed intubation,
we can begin trocar placement. An important note for the
robotic assistant before an incision is made relates to the
patient’s past surgical history. Prior open abdominal surgery
may preclude easy trocar placement due to the presence of
adhesions. Ideally, the patient’s surgical history is addressed
at their initial visit and a decision can be made for general
surgery consultation prior to scheduling surgery. With this
done ahead of time, the surgeon and assistant can have more
confidence in safe trocar placement. One last note prior to
trocar insertion is reviewing patient’s BMI and body habitus.
Having immediate access to bariatric trocars for morbidly
obese patients will prevent wasted operating time.

After Universal Protocol is completed with a “time-out,”
an approximately 3 cm supraumbilical incision is made in
the midline. This incision will serve as eventual robotic
camera location as well as direct visualization for trocar
placement. Minimal blunt dissection is done along with cau-
tery to allow bolstering bilateral fascial suture placement.
Upward traction on these sutures will allow Veress needle
placement to achieve pneumoperitoneum. An 8§ mm blade-
less da Vinci Xi trocar is placed along with subsequent cam-
era insertion.

We now utilize the 30° robotic laparoscope for the remain-
ing trocar placement. The robotic assistant will make an
8 mm incision about 8—10 cm from the camera location in
horizontal line or just inferior with the umbilicus. The assis-
tant’s last incision will be for a 12 mm insufflation trocar,
made another § cm laterally in the same line with the previ-
ous incision although in obese patients it may be more pru-
dent for this incision to be made slightly inferior, for better
reach to the pelvis. A fascial suture will be necessary for this
incision and can either be placed with a suture passer now or
at the end of the case. The surgeon will make the remaining
two 8 mm incisions lateral and left of the supraumbilical
incision in line with contralateral incisions just made by the
assistant. The surgeon will also, with guidance from the
assistant, make the 5 mm incision for the other accessory
port located in the right subcostal area inferior to the ribs and
medial to the right robotic trocar. Each bladeless trocar is
placed perpendicular to the patient’s abdomen with a twist-
ing or screwing motion. For radical prostatectomy, the oper-
ating table will need to be in at least 25° Trendelenburg.
Achieving this position prior to docking is crucial to thus
avoid redocking unless a compatible integrated table motion
bed is being used. The patient is now ready for robot
docking.

3.1.2 Docking the Robot

Continuing with a case of radical prostatectomy, 4 separate
trocars will require cannula trocar placement with the
robot. The bedside assistant should communicate with the
circulating nurse and the anesthesia team to maintain steril-
ity during deployment for docking and positioning of the da
Vinci Surgical System, making sure that all external moni-
tors and overhead OR lights are not colliding with the
robotic arms [3]. Correct trocar placement starts with supi-
nation of the nondominant hand while continuously hold-
ing the trocar itself and gently pressing against the skin of
the patient. This serves as both a guide for the robot to dock
and protection for the patient’s skin. The dominant hand
will then control the desired robotic arm either by using the
port clutch button or the “grab and move” feature. The
“grab and move” feature was introduced with the Xi robot
and allows robotic arm movement by grabbing anywhere
along the gray arm. This allows all robot joints to move
freely and once movement has ceased, the arm will lock



The Role of Bedside Assistant in Robotic Urological Surgery

a0

Fig. 1 Three instrument view

into place. The dominant hand will then use the port clutch
for fine movement along with the wing clip to fit into place
with the trocar.

The camera port should be docked first by the robotic
assistant (arm #3 in this case) to allow for targeting. The sub-
sequent trocars are then docked to the robot. The surgeon
will utilize robotic arm #1 for the ProGrasp forceps and
robotic arm #2 for the monopolar curved scissors. The fourth
arm of the robot will utilize one of the bipolar instruments,
Maryland bipolar forceps, or long bipolar grasper, for
example. The da Vinci Xi cautery settings are important to
review prior to beginning surgery.

Once all instruments are introduced into the abdomen,
“burping” the trocars allows for less tension on the skin and
centering of the instruments for maximum working space.
Besides burping of the trocars, the Xi robot features a guide
to maximizing working space located at the top of each
robotic arm. The 4 letter word, F-L-E-X, is on each robotic
arm and if the arm is rotated between the L and E letters,
the surgeon will then have maximum mobility. Centering
the camera to display the three-instrument view (Fig. 1)
signals the surgeon to initiate the robotic portion of the sur-
gery. The other 2 aforementioned trocars (5 mm and
12 mm) will be utilized for suctioning and Hem-o-lok clip-
ping, respectively. The 12 mm portal entry is also used for
introducing/removing sutures, laparoscopic scissors for
suture cutting, as well as providing traction with laparo-
scopic graspers.

3.2 Robotic Assisting Techniques

The following section will include important techniques for
the robotic assistant to master.

3.2.1 Substitution of Robotic Instruments

After docking has been completed, the tip of the instrument
will then need guidance to the cannula opening using one
hand while the other hand is fitting the housing of the instru-
ment into the robotic arm adapter. An important note is that
the instrument itself should be closed and the wrist straight-
ened before attempting insertion. Instrument exchange starts
with pressing both buttons located at the instrument housing
and then physically pulling the instrument out of the trocar.
LED colors are important to note as flashing green lights
indicate “Guided Tool Change” is possible. This process
allows quicker reset of the new instrument back to the loca-
tion the previous instrument occupied without needing
visualization.

3.2.2 Exposure and Countertraction

The next set of robotic assistant techniques to cover encom-
pass basic surgery principles. Exposure and countertraction
are hallmarks of surgery regardless of approach and are espe-
cially important for robotic bedside assisting. The robotic
assistant needs familiarity with laparoscopic instruments
such as laparoscopic grasper and suction/irrigator for exam-
ple. The suction/irrigator is typically thought of as the name
implies but also is a great tool for providing exposure.
Throughout a robotic radical prostatectomy, the suction can
help with difficult aspects of the surgery such as neurovascu-
lar bundle dissection and the posterior dissection involving
Denonvillier’s fascia simply by creating better exposure and/
or providing traction. Right-sided neurovascular bundle dis-
section is aided by the assistant once the surgeon has devel-
oped the appropriate plane. The suction is then advanced into
the plane and lateral traction is applied by the assistant
(Fig. 2). Similarly with posterior dissection, once the correct
plane is developed by the surgeon, the assistant advances the

Fig. 2

Nerve spare
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Fig. 3 Posterior dissection

suction into the space and inferior traction is applied (Fig. 3).
Forceful traction can cause trauma to the rectum; thus, it is
important for the assistant to know how to gauge appropriate
traction.

Surgical field cleaning is another task accomplished
through the use of the suction/irrigator. A surgical field with
excess blood darkens the surgeon’s field of view and can
cause unnecessary errors. Suctioning throughout surgery is a
technique that sounds straightforward enough but can easily
be overdone. A fine balance exists between over- and
under-suctioning. The goal should be to suction just enough
to keep the immediate field clear [4].

Introduction and Extraction

of the Needle

Needle presentation and extraction are another set of basic
robotic principles crucial for the robotic beside assistant to
master. This technique starts with communication between
the surgeon and robotic assistant to how exactly the needle
should be presented on the laparoscopic needle driver. This
will vary depending on the surgeon. For a standard proce-
dure on needle presentation, the laparoscopic needle driver
will hold the suture approximately 1-2 cm away from the
needle itself. This facilitates the introduction of the needle
holder and preserves the integrity of the membrane of the
trocar [5]. The robotic assistant will then present the suture
into the middle of the surgical field just inferior to the robotic
instruments and then cease movement (Fig. 4). Once the sur-
geon grabs hold of the needle, the robotic assistant will then
release the suture and withdraw the laparoscopic needle
driver. Importance is placed on the assistant allowing the sur-
geon to take the needle for himself instead of the assistant
presenting the needle to one of the robotic arms directly. The
assistant does not have the same depth of vision as the sur-
geon; thus, this technique will provide quicker exchange and
less fumbling of the suture.

3.23

Fig. 4 Needle present

Fig.5 Needle extract

Once suturing is completed or if another suture is required,
needle extraction will occur in a similar fashion although the
laparoscopic needle driver will this time grasp the needle
itself. The surgeon will hold the finished suture approxi-
mately 1-2 cm away from the needle and present the needle
with the half circle shape opening toward the camera (Fig. 5).
The robotic assistant will then either allow the next suture to
be taken by the surgeon as discussed earlier, or if no further
suture is needed, the assistant will open the needle driver and
allow the surgeon to place the needle within the opening
(Fig. 5). After closure of the needle driver, the robotic assis-
tant will withdraw the needle and transfer the instrument
itself to the scrub nurse with verbal communication of the
needle being received outside of the patient.

3.2.4 Hem-o-lok Positioning
Endoscopic Hem-o-lok ligation is one of the more difficult
techniques for the bedside assistant to master. This is particu-
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larly true for robotic prostatectomy as the tissue being ligated
is denser in comparison to a single vessel in other proce-
dures. Hem-o-lok clip placement is completed through the
12 mm assistant trocar and allows the surgeon to preserve the
neurovascular bundles athermally (Fig. 6). Experienced
assistants will typically be able to tell the difference in clip
failure from bulkier tissue versus equipment malfunction or
assistant error. An experienced assistant must also
communicate the reasoning for clip failure not only to the
surgeon but to the OR staff. Improving clip success can be as
simple as using a new set of clips or using a new clip applier.
With regard to physical placement of the polymer clips,
greater success is achieved when traction is provided either
from the surgeon or the assistant themselves (Fig. 7).
Orientation/angle of the clip is crucial as well and can be the
difference between success and failure.

Fig. 7 Hemolock clip

3.2.5 Catheter Management

Foley catheter manipulation is the final technique to review
for the bedside assistant. Catheter manipulation begins with
deflation of the balloon as the surgeon is performing anterior
dissection between the bladder neck and base of the prostate
gland. While the surgeon is continuing dissection, it is
important for the assistant to have Kelly forceps when ready
with lubricant. Once the surgeon has developed the correct
plane and can see the catheter, the assistant must retract the
catheter until the tip of the catheter is in view. The surgeon
will grab hold of the bladder opening of the catheter with the
ProGrasp forceps and then retract the prostate gland toward
the abdominal wall. The assistant can now use the Kelly for-
ceps to grasp the catheter just distal to the meatus. Lubricant
will allow minimal sliding of the Kelly forceps to keep con-
stant traction on the prostate internally but will also avoid
trauma to the foreskin or glans penis externally. Catheter
management will continue once this area of dissection is
complete with a simple retraction of the catheter. As the sur-
gery progresses to dorsal venous complex suturing, the assis-
tant will periodically check the catheter for difficulty with
retraction. An important note is that the catheter should be
past the area of suturing as each suture pass can potentially
limit catheter placement later in the surgery if not in the
appropriate plane.

Presentation of the catheter tip is helpful for the surgeon
during posterior reconstruction and visualization of the rhab-
dosphincter. Just having the catheter tip visible helps with
the location of the rhabdosphincter and at the same time
showcases the anatomy of the proximal urethra for anasto-
motic closure. Catheter management continues with repeti-
tive presentation and retraction of the catheter tip during
anastomotic closure. Importance is placed on timing of the
presentation or retraction of the catheter tip to coincide with
suturing. Incorrect timing can lead to prolonged operative
times or mistakenly suturing through the catheter. The final
step is to introduce a new foley catheter after all suturing is
completed to confirm the absence of catheter trauma.

3.3 Team Interaction During Surgery:

Verbal and Nonverbal Communication

Communication is one of the more overlooked topics when it
comes to reviewing surgical skills. It is paramount for the
bedside assistant to communicate both verbally and nonver-
bally with the surgeon and the rest of the OR staff when
needed. Feeling comfortable with the surgeon is the basis of
good communication technique. Comfortability will grow
with experience and especially collaboration between the
surgeon and the assistant. In the case of robotic surgery, the
console where the surgeon sits for the case is located away
from the operating table and sometimes can be in another
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room adjacent to the operating room. This is particularly
important regarding nonverbal communication. Although the
da Vinci Xi robot has microphones allowing straightforward
communication between the surgeon and assistant, there are
many instances in which direct verbal communication is
unnecessary.

Earlier in this chapter we discussed the three-instrument
view which can be used by both the surgeon and the assis-
tant to signify progression to the next step of surgery
(Fig. 1). The assistant utilizes this view after docking the
robot and introducing the instruments into the abdomen
(this implies the surgeon can now start). The surgeon com-
monly utilizes this view for instrument exchange, camera
cleaning, and completion of the surgery. These are simple
instances that do not require verbal communication but are
yet important, nonetheless. Further instances of nonverbal
communication are also accomplished by the assistant
always being prepared for the next step in the surgery. For
example, sometimes the PA (bedside assistant) can proac-
tively perform the suction task when he or she evaluates this
is needed according to what is shown in the shared view,
without the surgeon always requesting it [6]. The assistant
should be skilled to the degree that functions like this are
automatic.

Although nonverbal communication can be effective, it
should never replace verbal communication. There are
moments throughout surgery in which a quick verbal state-
ment can help avoid an adverse event. This would be no dif-
ferent than in any other surgery but should still rely on the
relationship between the surgeon and the assistant. There are
certain relationships that will require more verbal communi-
cation and some that require more nonverbal communication
but understanding the appropriate amount of each is
important.

34 Closing the Surgery: Undocking

and Port Removal

Undocking will first begin with instrument removal which
should always be achieved after the three-instrument view
occurs. After all instruments are removed, including the
camera, the robotic arms are released from the trocars in the
opposite fashion as they were installed. The wing flap located
on the robotic arm is depressed and then the port clutch is
depressed as well to physically move the arm away from the
trocar (this can also be accomplished with the previously
mentioned grab and move feature as well).

Once all robotic arms are undocked, the circulating nurse
may reverse the robot away from the operating table. The
assistant in this case must watch carefully and guide the
nurse on proper robot height to avoid contacting the patient.

While the patient is still in Trendelenburg position, the
robotic camera is inserted into the right lateral accessory tro-
car for visualization of specimen bag transfer from the 5 mm
accessory port to the supraumbilical robotic trocar. Once
transferred, the specimen bag is clamped with a hemostat or
Kelly forceps and the robotic camera is moved back to the
same supraumbilical trocar. Next, removing all trocars under
vision is important to confirm no internal hemorrhage is
present that may require cauterization or fascial suturing
with a suture passer. The first trocars removed are both left
robotic trocars, followed by the right robotic trocar, and the
5 mm subcostal assistant trocar. Lastly, removal of the
12 mm accessory trocar and tying off the fascial suture must
occur right as the insufflation is turned off to avoid abdomi-
nal contents getting trapped in the fascial suture. The robotic
camera is then removed from the supraumbilical trocar and
handed off the surgical field while the operating table is
leveled.

The supraumbilical incision may need further dissection
at this point depending on prostate size. The assistant will
use S retractors to provide visualization for the surgeon.
Once the specimen bag is removed, fascial closure is accom-
plished through five interrupted figure of eight knots. Again,
the assistant will utilize the S retractors along with suture
following through completion of fascial closure.
Subcutaneous skin closure is then accomplished with a run-
ning, absorbable monofilament suture. This same suture is
used for the lateral incisions as well, although in an inter-
rupted fashion. Surgical skin glue is then administered over
each incision.

4 The Impact of Bedside Assistant
on Surgical Outcomes

Although the important role of the bedside assistant in
robotic-assisted urologic surgery has been described above,
the literature has mainly focused on the performance and
outcomes of the CS. However, a successful robotic-assisted
surgery depends on a successful team, and the BA represents
a major part of such success. A remote interaction between
the CS and BA makes the role of the BA critical. Cooperation
and harmony between the two are fundamental to avoid time
loss and prevent mistakes and complications.

There is a scarcity of literature analyzing the impact of
bedside assistant on robotic urologic surgery outcomes. A
summary of these studies has been presented in Table 1.
These studies were conducted in different patient popula-
tions operated on by surgeons and assistants at varying expe-
rience levels and used different robotic systems (3-arm vs.
4-arm), thus making it difficult to reliably compare the out-
comes among different studies
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Table 1 Summary of contemporary studies that examine the impact of bedside assistant experience on surgical outcomes

Study Study
[reference]
Yuetal. 2021 Mar.
[15] 2016—
Prospective ~ Nov.
2016
Mangano 2017-
et al. 2021 2018
[11]
Retrospective
Garbens etal. 2013—
2020 [9] 2015
Retrospective
Albo et al. 2013-
2020 [5] 2016
Retrospective

period Cohort

92 RALPs
3 centers

116 RALPs
Single surgeon
beyond learning
curve

170 RALPs

Robotic system
and technique

Not specified

Four-Arm Da
Vinci Xi
Transperitoneal,
6-port technique

Transperitoneal

Single surgeon in posterior

initial learning
curve

129 RALPs
Single surgeon
>1000 case
experience

approach

Four-Arm Da
Vinci Si
Transperitoneal,
6-port technique

Study groups
14 console
surgeons

22 bedside
assistants

BA-bedside and
console experience
(n=38)

BA-only bedside
experience
(n=38)
BA-inexperienced
(n =40)

Non-expert BA
(PGY2-3 or PA
w/o experience)
N=111

Expert BA (PA w/
experience) N = 59

Two non-expert
BAs in their
learning curve
Group 1: first 20
cases

Group 2: 21-40
cases

Group 3: >40
cases

Outcome
measures

Global Evaluative

Assessment of
Robotic Skills
(GEARS)
Objective
Structured
Assessment of
Technical Skills
(OSATS)

OT, EBL, LOS,
Catheterization
days, PSM rate

Primary: PSM
status
Secondary:
console time,
EBL, LOS

OT, EBL, LOS,
Catheterization
days, PSM rate,
Complications

Methodology
Association
between

BA- OSATS
and CS-
GEARS scores,
Multivariable
linear regression
model to control
for patient
factors
Statistical
comparison of
outcomes
measures

Multivariable
regression
analysis to
determine
predictors for
primary and
secondary
outcomes

Linear
regression
analysis to
assess the
relationship
between BA
experience and
surgical
outcomes.
Uni- and
multivariate
logistic
regression
analysis to
explore
relationship
between
categorical
variables.

Findings

Significant
correlation between
BA- OSATS and
CS- GEARS score in
the neurovascular
bundle step in
surgeons with prior
>100 RALP
experience

OT:193 vs 195 vs
198 min, p = 0.80),
EBL: 189 vs 190 vs
213 mL, p = 0.32),
LOS: 5.43 vs 5.87 vs
5.26 days, p = 0.39),
days of
catheterization:
12.28 vs 13.53vs
13.18, p =0.34),
PSM rate: 32.3%
vs30.3% vs 31.3%,
p=0.17).

PSM rate: 37% vs
10% (p = 0.03)
EBL: 441 vs 296 mL
(» <0.0001)
LOS:42vs31h

(p =0.004)

Expert BA not
predictor of console
time, LOS

Expert BA
significant predictor
of PSM

Experience of the
BA, patient age,
BMI not predictive
of OT, EBL, and
LOS

No relationship
between the
experience of the BA
and PSMs or
complications.

Risk of
complications
increased if prostate
weight >50 g (OR
15.5) and high ISUP
grade (OR 10.7)
High clinical stage
(OR 9.1), age (OR
9.7), and BMI (OR
7.2) increased the
risk of PSMs.

(continued)
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Table 1 (continued)

Study Study
[reference] period
Cimenetal. 2009—
2019 [8] 2015
Retrospective

Abu-Ghanem 2011-

etal. 2017 2015
[10]

Retrospective
Nayyaretal. 2006—
2016 [7] 2013
Retrospective
Mitsinikos 2011-
etal. 2017 2013
[12]

Retrospective

Cohort

36 RALPs
Two beginner
surgeons

106 RALPs
Single surgeon
beyond learning
curve of 108
cases

222 robotic
procedures
Single center

82 RALPs

100 pyeloplasty
12 partial
nephrectomy

18
ureterolithotomy
10 cystectomy

162 RAPNs
Three hospitals

Robotic system
and technique
Same
Transperitoneal
posterior
approach

Transperitoneal
approach

Not specified

Transperitoneal

Study groups
Surgeon

1 + beginner BA
(n=20)

Surgeon 2 + expert

BA (>150 cases)
(n=16)

Group | BA
(PGY1-3
residents) (n = 44)
Group 2 BA
(PGY4-5
residents) (n = 43)
Group 3 BA
(senior surgeon)
(n=19)

Two BAs

First half of BAs
(inexperienced
stage)

Second half of
BAs (experienced
stage)

Teaching vs
non-teaching
hospital

Teaching: PGY2-3
residents (n = 112)

Non-teaching:
attending surgeon
(n=50)

Outcome
measures
Trocar insertion
time, Robot
docking time,
Console surgery
time, Anesthesia
time, Specimen
extraction time,
EBL, LOS,
Complication
rates

OT, EBL, LOS,
Complication
rates

OT, EBL,
Complications

OT, WIT, EBL,
LOS, Change in
eGFR, 90-day
readmission, PSM

Methodology
Comparative
analysis of
variables

Univariate
analysis and
Spearman’s
correlation tests
to assess the
relationship
between the
variables of
interest

Linear
regression used
to assess the
possible cutoff
level for the
learning curve
in terms of
reduction in
operative time
for BAs.

Comparative
analysis of
variables, 2
cohorts matched
based on
R.EN.AL.
nephrometry
score

Findings

All surgical times
significantly shorter
in group 2

No significant
difference in EBL,
LOS, complication
and PSM rates

No correlation found
between the
assistant’s seniority
and OT, EBL and
LOS.

No influence of
assistant on
Immediate post-
operative
complications.

For all procedures,
mean OT reduced
from 138.06 to
124.32 min

(P =0.001) and
mean EBL decreased
from 191.93 to
187.61 mL

(p =0.57) in second
half

Most significant OT
decrease observed in
robotic pyeloplasty
(102 vs 82 min for
first and second half,
respectively,

P =0.001)

OT and EBL did not
drop significantly in
RALP

OT longer in
teaching hospitals
(229 vs 213 min,
p=0.011)

WIT comparable (21
vs. 20.5 min,

p =0.276)

Trend toward lower
PSM in teaching
hospitals (3.6% vs
10%, p = 0.079)
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Table 1 (continued)

Study Study Robotic system Outcome

[reference] period Cohort and technique Study groups measures Methodology Findings

Potretzke 2011- 414 RAPNs Not specified Two BA groups: OT, WIT, EBL, Multivariate Operative time

etal. 2016 2014 Four experienced Junior-level LOS, analyses to 9.3 min longer in the

[13] surgeons (PGY2-3 residents Complications, assess for a junior-level

Retrospective or nurse) (n = 115) PSM relationship group (p = 0.051)
Senior-level between the No differences in
(PGY4-5 residents level of BA outcomes between
or fellow) experience and  the junior and senior
(n=299) outcomes assistant groups,

including for
operative time, EBL,
WIT, LOS, presence
of a postoperative
complication, and
surgical margin
status

RALP robotic-assisted laparoscopic prostatectomy, RAPN robotic-assisted partial nephrectomy, BA bedside assistant, OT operative time, EBL
estimated blood loss, LOS length of stay, PSM positive surgical margin, WIT warm ischemia time, PGY post-graduate year, BMI bod mass index,

OR odds ratio

4.1 Impact on Operative Time (OT)

Nayyar et al. performed a retrospective analysis of 222 uro-
logic robotic procedures performed by two teams of CS and
BA [7]. They split the data into two chronological halves,
assuming that the assistant was inexperienced in the first half
and had become experienced by the second half. They
demonstrated that with increasing experience of the BA,
mean OT for all procedures showed a significant reduction.
Maximum reduction was noted for pyeloplasty which was
the most commonly performed surgery. However, the reduc-
tion in OT was not statistically significant in the subset of 82
RALP cases.

Cimen et al. compared the outcomes of two CSs who per-
formed RALP with an inexperienced and experienced BA,
respectively, and found that trocar placement, robotic dock-
ing, console surgery, and specimen extraction times were
significantly shorter in the experienced BA group [8]. The
surgeons were in their initial learning curve; hence, the
authors attributed this difference to the experience of the
assistant. In contrast, Garbens et al. did not find a significant
difference in the console times when a novice or expert BA
assisted the same CS during his initial 170 RALP cases [9].

Abu-Ghanem et al. reported that BA seniority (PGY 1-3
vs. PGY 4-6 residents vs. senior surgeon) had no influence
on surgery times in a cohort of consecutive 106 RALPs oper-
ated by a single surgeon beyond his learning curve [10]. In
another single surgeon series, Mangano et al. analyzed 116
RALPs assisted by three BAs randomly distributed based on
availability, one with bedside and console experience, one
with relevant bedside experience only, and one basically
inexperienced. There were no statistically significant differ-
ences between the three BAs in terms of mean operative time

(198 vs. 195 vs. 193 mins, respectively, p = 0.8), as well as
other perioperative parameters [11].

Mitsinikos et al. investigated the impact of BA on robotic-
assisted partial nephrectomy (RAPN) outcomes in 162 cases
[12]. They compared outcomes in two teaching hospitals
where PGY-2 or PGY-3 residents served as BA vs. a non-
teaching hospital where a senior surgeon had assisted all
cases. The two cohorts were matched for R.E.N.A.L. neph-
rometry score. The total OT, but not warm ischemia time,
was longer in the teaching hospitals (229 vs. 213 min,
respectively, p = 0.011). Likewise, Potretzke et al. found a
mean 9.3 min. Longer OT with a junior-level (PGY 2 or 3)
vs. a senior-level (PGY 4 or 5, or fellow) BA in a cohort of
414 consecutive RAPNs [13]. However, warm ischemia time
was not significantly different between the BA groups (21.3
vs. 20.9 min, p = 0.843).

4.2 Impact on Perioperative Outcomes

and Complications

The majority of studies have shown no benefit in terms of the
quality or experience of the BA as they pertain to periopera-
tive outcomes [10—13]. Estimated blood loss, length of stay,
days of catheterization, and postoperative complication rates
in RALP were similar between different BA groups [10, 11].
In a series of 129 RALPs, Albo et al. analyzed the effect of
learning curve of two inexperienced BAs on perioperative
outcomes and found that blood loss, hospital stay, catheter-
ization time, and complication rates were comparable in
their first 20, 21-40, and >40 procedures [5]. However, the
aforementioned studies examined single surgeons who were
well beyond their learning curve.
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In contrast, other series that included surgeons early in
their learning curve have shown that an experienced BA can
improve operative outcomes [8, 9]. Garbens et al. examined
the effect of expert (physician assistants or advanced nurse
practitioners who had completed formal bedside training fol-
lowed by a period of apprenticeship) vs. non-expert BAs
(residents in their second and third years of training or physi-
cian assistants without formal laparoscopic or bedside train-
ing) on operative outcomes [9]. The series began with the
first RALP performed by the surgeon after fellowship and
involved his initial 170 cases. The expert and non-expert BA
groups were similar in terms of patient demographics and
cancer characteristics. The authors found almost 150 ml
lower blood loss and shorter hospital stay in the expert BA
group. Furthermore, the use of an expert assistant was asso-
ciated with a 60% decrease in positive margin rates than
when surgery was performed with a non-expert assistant.
Considering that more than 80% of urologists in the USA
perform less than 10 prostatectomies per year and these urol-
ogists account for approximately 40% of the total number of
prostatectomies performed [14], Garbens et al. emphasized
the importance of an experienced BA in common urological
practice.

However, all studies above suffer from retrospective
design, small sample size, and lack of cost analysis and long-
term outcomes. The only prospective, multicenter study
scored the performance of 14 CSs and 22 BAs by using
objective skill assessment tools, and tested the relationship
between assistant and surgeon technical performance in 92
RALP cases [15]. The dissection of the prostatic pedicle and
neurovascular bundle (NVB) step were used for quantifica-
tion of CS and BA performance. Interestingly, CS scores
were disproportionally affected by the technical ability of the
BA in surgeons who had completed >100 RALP cases com-
pleted at the outset of the study. After controlling for patient
age and BMI, prostate volume, tumor stage, and nerve-
sparing presence, assistant’s performance remained a signifi-
cant predictor of console surgeon’s performance. The authors
argued that the expectations of more experienced surgeons
from their assistants to anticipate ahead and move with a
similar pace and familiarity may be exaggerated, and this
may negatively impact the surgeon’s performance when the
technical gap between CS and BA is large. Nevertheless, this
study did not take into account the RALP steps other than
NVB preservation.

4.3 Impact on Oncological Outcomes

Cancer-specific survival data were not available in any of the
series. Positive surgical margin (PSM) rate was the only
examined oncological parameter in both RALP and RAPN
studies [5, 8, 9, 11-13]. In most series, PSM rates were not

affected by the presence of an experienced or inexperienced
BA [5, 8, 11-13]. In contrast, Garbens et al. found a signifi-
cantly lower percentage of PSMs (20% vs. 37%, p = 0.03) in
RALP surgeries that involved an experienced assistant [9]. In
their multivariate analysis, the use of an expert BA, PSA at
diagnosis, and prostate size were significant predictors of
PSM status. They hypothesized that the expert BA can opti-
mize visualization in situations where significant bleeding
obscures visualization of important structures and results in
suboptimal identification of tissue planes, thereby resulting
in lower surgical margin rates. They also argued that the
expert assistants may provide more optimal tissue retraction
allowing for improved visualization and dissection of correct
tissue planes as they are more familiar with the steps of the
surgical procedure.

In summary, currently available data on the impact of
bedside assistant on robotic surgery outcomes are derived
from small, retrospective studies that reported conflicting
results. It was generally argued that it is the console sur-
geon’s experience which dictates perioperative outcomes
and a less experienced assistant can be safely incorporated
into this kind of surgery. However, others showed a benefit
from experienced BAs in improving the surgical outcomes of
a novice surgeon, including oncological outcomes such as
PSM rates. As a BA is essential to complete any robotic uro-
logical procedure, it is important that the BA has sufficient
experience to anticipate problems, reduce conflicts with the
CS and the bedside team, and act in a timely manner in situ-
ations where patient safety may be compromised.

5 Conclusions

A skilled bedside assistant is an essential part of an effective
urologic robotic surgery team. The bedside assistant repre-
sents a vital bridge between the console surgeon and the
patient, and executes critical roles in preoperative prepara-
tion as well as intraoperative assistance and troubleshooting.
Successful bedside assistance requires understanding the key
steps of the operation, facilitating the flow of surgery, and
timely management of unanticipated circumstances. The
ability to work in harmony with the console surgeon depends
on effective communication and repetitive execution. There
is scarce literature that examined the impact of the experi-
ence of bedside assistant on robotic urological surgery out-
comes. In general, perioperative outcomes and complication
rates did not differ significantly with utilization of a novice
vs. experienced assistant when the console surgeon was
beyond his learning curve. Some studies demonstrated a ben-
efit from an experienced bedside assistant in improving the
surgical outcomes of a beginner surgeon. It is possible that
the small number of cases and retrospective nature of these
studies might have prevented from quantifying the effect of
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assistant experience on surgical outcomes. Roles and respon-
sibilities of the robotic bedside assistant will continue to
evolve; however, their position as a vital bridge between the
console surgeon and the patient will remain.
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Anesthetics in Robotics

Ruban Thanigasalam, Joshua Makary @, Scott Leslie,
Ryan Downey, Michael Paleologos, and Joanne Irons

1 Introduction

Over the last two decades, robotic surgery has become
increasingly preferred over laparoscopic and open tech-
niques. It provides the perioperative advantages of minimally
invasive surgery, while the dexterity afforded by endowrist
instruments has expanded the indications of robotic surgery
to even the most complex pelvic operations. Urological sur-
geons in particular have transitioned to robotic surgery for
major procedures with a 2018 study revealing the highest
proportion of robotic assistance was seen in radical prosta-
tectomy and pyeloplasty [1].

The rise of robotic surgery requires anesthetists to also
familiarize themselves with the management of these
patients. Currently anesthetists unlike robotic surgeons do
not complete a formal training program/fellowship specifi-
cally in managing robotic surgery patients. For this reason,
anesthetists are encouraged to discuss anesthetic concerns
with the robotic surgeon pre-operatively to prevent poten-
tially foreseeable issues and complications from occurring.
A recent survey of American anesthetists identified that the
three most common reported anesthetic complications in
robotic surgery include facial/airway edema, brachial plexus
injury, and corneal abrasion [2].

In this chapter, we will evaluate anesthetic issues associ-
ated with robotic surgery and provide the reader with strate-
gies to avoid and manage them.
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2 Pre-operative Considerations

As with any major surgery requiring a general anesthetic, a
thorough pre-operative evaluation of the medical history and
physical examination are required. Particularly important
considerations prior to robotic surgery include intraoperative
airway access, pneumoperitoneum, and patient positioning.
Especially the Trendelenburg position that is required for
most robotic pelvic procedures.

An appreciation of the physiological response to position-
ing during robotic surgery is required to assess if the patient
can safely tolerate the procedure. Patients being considered
for robotic surgery with significant cardiac/respiratory con-
ditions (refer to Table 1), morbid obesity, raised intracranial
pressure (ICP), other intracranial pathology, and glaucoma
are a particularly high-risk group due to the Trendelenburg
position and pneumoperitoneum used intraoperatively [3].

In our institution, patients with glaucoma or neurosurgical
pathology are referred pre-operatively to ophthalmology and
neurosurgical specialists as required to ensure these conditions
are optimized. Similarly, patients with cardiac/respiratory dis-
ease may benefit from specialist review and pre-operative
assessment. Through this multi-disciplinary approach, both
the surgeon and anesthetist can ensure the likelihood of com-
plications related to these comorbidities is reduced.

Initially designed to focus on improving post-operative
care, enhanced recovery after surgery (ERAS) is a protocol
that now also includes guidelines for pre-operative optimiza-
tion [4, 5]. We will explore the ERAS protocol and its rele-
vance to both pre- and post-operative care later in this
chapter.

Table 1 High-risk cardio-respiratory conditions

High-risk conditions

* Severe valvular pathology (particularly aortic stenosis)

* Severe heart failure (both left and right sided)

* Ischemic heart disease/previous myocardial infarction

» Significant arrhythmia

* Severe respiratory disease (COPD, poorly controlled asthma)
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3 Intraoperative considerations
3.1 Airway and Ventilation

The standard for airway management is endotracheal intuba-
tion. This is usually achieved using an oral cuffed endotra-
cheal tube that additionally prevents aspiration of gastric
contents that may occur with the steep Trendelenburg posi-
tion. Because of the significant patient movement that occurs
during positioning it is recommended that the position of the
endotracheal tube be checked not only before but also after
positioning the patient [6].

Facial and airway edema is seen more frequently in
robotic surgery patients secondary to the Trendelenburg
position. Consequently, prior to extubating the patient, an
assessment for airway edema should be undertaken to ensure
airway patency. This can be carried out in the form of a “leak
test” that involves listening for air escaping around the endo-
tracheal tube as the cuff is deflated. In addition, endotracheal
tube ties can increase the risk of airway edema and should be
avoided [3].

Robotic surgery can present unique issues with ventila-
tion. Both the steep Trendelenburg and pneumoperitoneum
cause decreased functional residual capacity due to splinting
of the diaphragm. This in turn can result in higher inspiratory
pressures and impaired ventilation [7, 8]. To counteract these
pulmonary physiological changes and avoid atelectasis it has
been suggested to maintain positive end-expiratory pressure
between 4 and 7 cm H,O and to keep the maximal airway
pressure below 35 cm H,0. Furthermore, altering the inspira-
tory: expiratory ratio from 1-2:1 to 1:2 is a reasonable alter-
native in achieving improved gas exchange and a lower
partial pressure of carbon dioxide PCO, [9].

A degree of hypercarbia is common during robotic sur-
gery and requires appropriate management. Caution is
required when titrating the tidal volume as barotrauma can
arise due to the elevated inspiratory pressures [3, 10]. In our
institution, we use a volume guaranteed pressure mode of
ventilation to reduce peak airway pressures. Measures that
can be taken by the surgeon to assist with difficulty in venti-
lation include reducing the steepness/angle of Trendelenburg
and lowering the pressure of pneumoperitoneum. This may
need to be considered in the morbidly obese or those with
restrictive lung disease [11].

3.2 Pneumoperitoneum

Pneumoperitoneum is required during robotic surgery to
obtain appropriate visualization of abdominal and pelvic
organs. The physiological impact this has on airway and ven-

tilation has been discussed but equally important are the
changes that can occur in relation to cardiac output.
Pneumoperitoneum leads to an increased intra-abdominal
pressure (IAP). Small increases in IAP actually lead to
increased venous return and cardiac output; however, more
significant increases (i.e., >10 mmHg) can increase systemic
vascular resistance and decrease cardiac output. An even
higher IAP of >20 mmHg is associated with significant
decreases in mean arterial pressure and cardiac output [12].

For these reasons, in our institution the IAP is usually
maintained at the lowest level to achieve satisfactory surgical
conditions (typically 12—15 mmHg). The practice of con-
ducting robotic surgery with low-pressure pneumoperito-
neum although ideal, may impact on the surgeon’s ability to
visualize the surgical field. Improvements in the equipment
used to maintain low-pressure pneumoperitoneum address
this issue and can provide low pressure but high flow insuf-
flation, an example of such a device is the AirSeal intelligent
flow system which relies on valveless trocar system technol-
ogy [13]. In addition to the cardiovascular benefits of low-
pressure pneumoperitoneum, the incidence of post-operative
ileus may also be decreased [14, 15].

Generally, the gas used for insufflation is CO, and the
relative hypercarbia seen in robotic surgery can be partially
attributed to its solubility and rapid absorptivity. These prop-
erties are also advantageous in reducing the likelihood of
catastrophic venous gas embolism [16]. Nonetheless, gas
embolism should be considered and promptly managed in
the case of sudden hemodynamic compromise. Particularly
during robot-assisted laparoscopic prostatectomy (RALP), a
degree of gas embolus can be expected during ligation of the
dorsal venous complex, especially considering a higher IAP
(up to 20 mm Hg) is often required to safely complete the
ligation. A 2010 study conducted intraoperative transesopha-
geal echocardiograms in both patients undergoing RALP
and open retropubic prostatectomy, they observed that 40%
and 80% of patients, respectively, developed venous gas
embolism. Reassuringly, none of these patients displayed
signs of hemodynamic compromise [17].

3.3 Monitoring

Intraoperative access to the patient undergoing robotic sur-
gery is limited due to the robot itself occupying much of the
space above the patient. Additionally, the sterile operative
field further restricts access to the patient. The difficulty in
accessing the patient, specifically the face is a likely factor in
the relatively high rate of corneal abrasion. In a review of
1500 RALP procedures, one institution found the rate of cor-
neal abrasion was 3% but were able to reduce this to 1% by
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switching from using eye tape to eye pads [18]. Eye injuries
can also occur from gastric/oral secretions tracking up the
face secondary to the gravitational effect of Trendelenburg.
To mitigate against this risk, the mouth can be sealed around
the endotracheal tube using waterproof dressings/tapes.
Additionally, the limited patient access mandates careful
placement of monitoring equipment prior to the commence-
ment of surgery. Monitoring or I'V access lines typically need
to be longer to provide remote access distant from the patient.
Arterial lines are not always required but should be
considered in patients with comorbidities that place them in
a high-risk category for GA.

Once abdominal ports are placed and the robotic arms
engaged it is critical the patient remains immobile. This is
achieved with neuromuscular blockers to keep the patient
paralyzed, any movement by the patient intraoperatively can
be disastrous and potentially cause injury to intra-abdominal
organs and blood vessels. Equally important is for the patient
to remain securely positioned to avoid slipping. In open/
laparoscopic surgery the proceduralist is positioned adjacent
to the operating table and is likely to observe changes in the
patient position such as slipping. In contrast, robotic sur-
geons are removed from the operating table for the majority
for the case and are less likely to notice inadvertent changes
in patient positioning. Non-slip mats, bean bags, tape, and
straps can all be used to secure the patient [3, 6]. When straps
are used caution should be exercised in avoiding overtighten-
ing as this may lead to pressure injuries.

3.4  Trendelenburg

The Trendelenburg position involves tilting the operating
table “head down.” This position is employed during robotic
surgery particularly on pelvic organs as it allows for improved
exposure by allowing the bowel to slide away from the pelvis.
As previously alluded to, the Trendelenburg position leads to
increased ICP and intra-ocular pressure [6]. Thus, patients

with pre-existing elevated ICP, glaucoma, retinal detachment,
and ventriculoperitoneal shunts may require further pre-oper-
ative planning and multi-disciplinary input. To mitigate these
challenges and also to avoid cerebral/airway edema, it has
been suggested to avoid aggressive IVF while the patient
remains in this position [19]. Equally important in reducing
the complications of Trendelenburg is minimizing the time
that the surgery is conducted in this position. For potentially
prolonged cases such as cystectomy it is not uncommon for
the bed to be leveled at regular intervals. In our institution for
extended cases that continue beyond 4 hours, a “second time-
out” is conducted which provides an opportunity for the sur-
geon, anesthetist, and nursing staff to discuss any relevant
concerns. The feasibility of implementing a “second time-
out” has been previously reported; however, further studies
are required to assess the benefits including any potential
reduction in complications [20].

A recent case—control study of 67 urological patients
compared two groups with different degrees of Trendelenburg
tilt. The control group angle was set at 30°, and the mean
angle in the reduced tilt group was 20.5°. The authors of this
study demonstrated that robotic pelvic surgeries can be
safely performed with a reduced Trendelenburg tilt and also
noted the advantages of decreased hemodynamic and respi-
ratory stress [21]. The modified Z Trendelenburg position is
a variant of the traditional position but with the head main-
tained at a horizontal position which creates a “Z” shape
(Fig. 1).

A prospective randomized controlled study examined
the differences in physiological parameters between the
standard Trendelenburg position (angle set at 23°) and the
modified Z version. A significant reduction in IOP and
blood pressure in favor of the modified Z Trendelenburg
position was observed for the majority of cases [22]. In
summary, minimizing length of surgery, avoiding aggres-
sive IVF replacement, and reducing steepness of the oper-
ating table can reduce the complications associated with
Trendelenburg.

Fig. 1 Courtesy of Raz et al. [22]. (a) Horizontal supine position with legs in lithotomy position. (b) Head down in 23° Trendelenburg position.
(¢) Modified Z Trendelenburg position with horizontal head and shoulders
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3.5 Fluid Balance

Because of the aforementioned unique physiological pertur-
bations that robotic surgery patients experience, the fluid bal-
ance management significantly differs from patients
undergoing GA in a standard supine position. As previously
mentioned to avoid complications such as facial/airway
edema it is advised to limit the delivery of IVF while the
patient remains in Trendelenburg [9]. The decreased urine
output that results from limiting IVF also provides an added
benefit of improving vision in the surgical field, particularly
in RALP after the bladder neck has been dissected.

While the administration of IVF is initially restricted,
toward the end of a RALP procedure when the urethro-
vesical anastomosis is being performed, IVF replacement
can be increased. Similarly in other robotic cases such as
cystectomy when the patient’s position is reverted back to a
supine leveled position, IVF should be administered to
encourage urine production and avoid renal impairment.
This is important to consider given decreased renal perfusion
is expected intraoperatively secondary to the effects of pneu-
moperitoneum and decreased cardiac output. Evidence of
renal impairment can be seen during routine post-operative
blood investigations that reveal a transiently elevated serum
creatinine [6]. Another benefit of adequate urine output at the
completion of surgery is the reduced likelihood of blood
clots occluding the urinary catheter. In summary we suggest
limiting fluid administration intraoperatively while the
patient is subject to the extreme positioning associated with
surgery and later increasing the rate of [IVF toward the end of
the case and maintain a clear urine output.

3.6 Neuropraxia

Nerve injuries to both upper and lower limbs have previously
been reported during robotic surgery and a significant por-
tion of closed claims can be attributed to this [23]. The
combination of Trendelenburg and lithotomy position is
commonly used during robotic surgery and care should be
taken to avoid overextension of the lower limbs and ensure
appropriately placed stirrups. Stirrups should ideally provide
adequate ankle support to reduce the pressure on the calf
muscles. Appropriate lithotomy positioning should reflect a
natural rather than exaggerated position to avoid injuring
susceptible nerves such as the common peroneal, femoral,
and obturator nerves [24, 25]. One of the main factors that
have been linked to increased risk of lower limb neuropathy
is prolonged surgical time >2 h duration [24, 26].

Brachial plexus injuries can also occur and are often sec-
ondary to slipping during changes in patient positioning.
Depression of the acromioclavicular joint is thought to be at
least partially responsible for brachial plexus injuries [27]. In

one high volume robotic surgery institution, the arms had been
positioned in abduction, with bean bags and shoulder girdle
restraints utilized to prevent patient slipping. However, this was
associated with several cases of brachial plexus injury.
Subsequent modifications in patient positioning included keep-
ing arms adducted and using shoulder padding. Brachial plexus
injuries were prevented in the subsequent 2674 cases [28]. In
agreeance with the findings of this study, the most recent advice
from the American Society of Anaesthetics practice advisory
also suggests limiting arm abduction [29]. In summary, by
avoiding restraints that place pressure on the shoulder girdle
and keeping the arms well secured and adducted there is a
reduced likelihood of brachial plexus injury.

3.7 Pressure Injuries and Compartment

Syndrome

Adequate padding, especially at bony prominences is neces-
sary to prevent the formation of pressure sores (Refer to
Fig. 2). Monitoring equipment and IV lines in contact with
the patient are also potential sites of pressure injuries but eas-
ily preventable [3]. Compartment syndrome of the lower
limbs or “Well leg” syndrome is a severe complication that
can occur with prolonged steep Trendelenburg and lithot-
omy. Risk factors for developing this include extended length

e |

Fig.2 Padding applied and gel pad beneath forearm
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Fig.3 Summary of
emergency undocking
protocol
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blood
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e End surgery as fast as possible?
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operating table to neutral position

of surgery, obesity, hypotension, and peripheral vascular dis-
ease. Steps that can be taken to avoid compartment syndrome
of the lower limbs include leveling the bed periodically,
intermittent pneumatic compression of the calves, and ensur-
ing the stirrups used provide adequate padding and ankle
support to increase the surface area in contact with the lower
limb. In patients at risk of lower limb ischemia in
Trendelenburg, placing a pulse oximeter on the great toe will
detect changes in blood flow to the lower limbs and may trig-
ger earlier reversal of identifiable aggravating factors [16].

3.8 Emergency Undocking

Estimates for the rate of conversion from robotic to an open
procedure vary from 1.3 to 4.3% [30, 31]. The proportion of
these cases which represent emergency undocking is not clear
but despite it being a relatively rare occurrence, the whole sur-
gical team (surgeon, surgical assistant, anesthetist, scrub/anes-
thetic nurses, and theater orderly/assistants) should familiarize
themselves with local protocols in place for emergency
undocking. The indications for emergency undocking include
but are not limited to anesthetic concerns, cardiac/respiratory
arrest, surgical complications (massive hemorrhage), and fail-
ure of the robotic equipment. A clear understanding of roles
and communication is required by all members of the surgical
team to ensure emergency undocking occurs in a safe but
prompt manner [32]. Experienced and well-rehearsed teams
have reportedly been able to progress through the emergency
undocking process in less than 30 s [19].

Cardiopulmonary resuscitation is a challenge in robotic
surgery due to the patient’s position and bulkiness of the
robotic cart. Although not ideal, it is important to be aware
that DC defibrillation shocks CAN be delivered, while the
robotic arms remain docked [19]. A flow diagram summariz-
ing the emergency undocking protocol is shown in Fig. 3.

3.9 Enhanced Recovery After Surgery

(ERAS)

The management of a surgical patient of course does not end
immediately after the procedure. Arguably as important as
the procedure itself is the pre-operative planning and post-
operative care provided. An advantage of robotic surgery
when compared to an open approach is the decreased length
of stay (LOS) [33]. This is a result of the minimally invasive
nature of the procedure but also post-operative management
protocols play a role in ensuring patients recover more rap-
idly. ERAS is defined as a multi-modal and multi-disciplinary
care pathway that influences the pre—/intra—/post-operative
management of surgical patients.

Pre-operatively, patients should be screened in a pre-
admission clinic and receive education across several
domains including adequate nutrition, smoking cessation,
pain management, and early mobilization (Refer to Fig. 4).
From a detailed social history, issues that may hamper recov-
ery post-discharge can be anticipated and support services
organized depending on the patient’s individual circum-
stances. Intraoperatively improved thermoregulation can be
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PRE ADMISSION CLINIC

ASSESSMENT
Date: / /
Consent O Has patient consent been signed
Tests O Chest Xray
O ECG
Pathology O Group and Hold

O FBC, EUC, COAGS

Mobilisation / Physiotherapy / O Does the patient use any mobility aides

Oxygen Therapy O Educate re sitting out of bed the night of surgery
O Educate re sitting out of bed, ambulation and deep breathing exercises post-
Operatively
O Preoperative Pelvic Floor exercises commenced
Observations O Weight kg
O Height m
O BMI
O Baseline vital signs: HR: BP: Oxygen Sats:
Medications / O Antibiotics charted as per surgeon
VTE Prophylaxis O Bowel Prep OYes O No O Instructions given

O Educate patient on TED stockings which will be provided in TPU

O Educate patient on VTE prophylaxis

O Anticoagulants toceaseon __ /[
(Patient educated re same)

Pain Management O Education: Post-op pain control

Wounds / Drains O Patient educated regarding presence of IDC post-operatively
O Patient educated regarding +/- drain post-operatively

Nutrition Patient educated re:

O No solid food from 24:00hrs pre-operatively (Clear Fluids for 24hrs if Bowel Prep)
O Clear Fluids up to 2 hours pre-operatively

O Strictly NBM once patient has left home

Pressure Area Care
(Waterlow Score)

Falls Risk Assessment

Current Support Services and O ERAS booklet given to patient - O Surgeon O Nurse [ Patient has read booklet
Referrals to be made O Do you have any current support services in place?

O Will you need a community nurse to help with IDC care?
O Will you require any services post operatively?

O How will you be getting home?

O Social Worker

O Compacks

O Community Nurses

O Occupational Therapy
O Physiotherapy

Fig.4 Example of RALP ERAS (pre-operative component)
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achieved by reducing the patient’s time exposed and raising
the operating theater temperature. The choice of analgesia
administered intraoperatively also plays a role in allowing
earlier mobilization and for these reasons, epidural and
patient-controlled analgesia are usually avoided.

The key elements of ERAS in the post-operative stage
include minimizing opiates, encouraging early mobilization,
early feeding, nausea and ileus prophylaxis and venous
thromboembolism (VTE) prophylaxis [4] (Refer to Fig. 5).
A cohort study of 110 patients undergoing radical cystec-

Operation Performed:

O No PLND O PLND 0O Extended PLND

Physiotherapy

ASSESSMENT DAY OF SURGERY Vari- | DAY 1 POST-OPERATIVE Vari-
Date: /] AM PM ND | ance Date: /| AM | PM | ND | ance
Procedures / O EuC
Investigations O FBC
O Discharge Referral
Written

Hygiene [0 Post-op sponge [ Assisted shower
Mobilisation / O Sit out of bed 1-2hrs [ Sit out of bed for 2hrs

O AMand O PM
O Ambulate 100 metres x2
oo

Observations [0 Standard observations
as per protocol

[ 1/24 Urine Output for
24hrs

O SFBC (input / output)

[ BSL as per protocol

[0 Assess pain and nausea

[ Enter height and weight

[ Standard observations
as per protocol

[ 4/24 Urine Output

O Continue monitoring all
output on FBC

[0 BSL as per protocol

[J Assess pain and nausea

Medications [ 1V antibiotics TDS
I VTE ) O Coloxyl & Senna BD
Prophylaxis [0 Movicol BD

[0 Regular Oxycodone /
Naloxone combination

[0 Regular Meloxicam

O Regular Paracetamol

[0 PRN oral analgesia

O TED stockings

O Heparin 5000u BD

[ Cease IV antibiotics
after 24 hours
[ Coloxyl & Senna BD
O Movicol BD
[0 Regular Oxycodone /
Naloxone combination
O Regular Meloxicam
[ Regular Paracetamol
I PRN oral analgesia
[ TED stockings
O Heparin 5000u BD
[ Discharge scripts
In progress

Wounds / O Review wound
Drains O Drain(s) in situ OY ON
How many:
[ Free drainage or 4/24
revac

O Change drainage bags at
24:00hrs + record

O Review wound

O Drain(s) in situ OY ON
How many:

O Free drainage or 4/24
revac

O Change drainage bags
at 24:00hrs+ record

IV Therapy / O IvC Day

Access O Position

[0 Cease IV Therapy post
1% litre if patient tolerating

[0 Remove IVC once IV
antibiotics ceased

O Passing flatus OOY CON
O Bowel motion OY CIN

diet
Elimination [ IDC secured with [ IDC remains secured
STAT-LOCK [0 Change IDC to long leg

bag
O IDC + leg bag education
O Passing flatus Y ON
0 Bowel motion OY OON

Nutrition O Clear fluids and progress
to light diet if tolerated

O Full diet

Pressure Area
Care
(Waterlow Score)

Falls Risk
Assessment

Fig.5 Example of RALP ERAS (post-operative component)
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tomy showed a significant reduction in LOS in favor of the
ERAS group when compared to conventional care (4 vs
8 days) [5]. A larger study specifically assessing the impact
of ERAS on robotic-assisted radical cystectomy patients also
demonstrated a decreased LOS without significant differ-
ences in readmission rates [34]. RALP patients also benefit
from ERAS in reducing LOS by 2.5 days based on a recent
systematic review and meta-analysis [35]. Crucial to achiev-
ing these improved patient outcomes is the collaboration
between surgeons and anesthetists in correctly implementing
ERAS protocols.

3.10 VTE Prophylaxis

As previously mentioned, ERAS protocols contain recom-
mendations for the management of VTE prophylaxis.
Variations in VTE prophylaxis regimen exist based on the
patient’s VTE risk. Major risk factors that alter the VTE pro-
phylaxis regimen include previous/family history of deep
vein thrombosis (DVT)/pulmonary embolus (PE), prolonged
surgery (>2 h), and presence of active cancer. Other minor
risk factors include age, obesity, and chronic venous insuffi-
ciency [36].

Low molecular weight heparin (LMWH) and low dose
unfractionated heparin (LDUH) are the most commonly
used forms of pharmacological VTE prophylaxis. Multiple
studies have reported on the outcomes of both of these anti-
coagulants with both demonstrating similar efficacy [37].
Other important considerations in prescribing either LMWH/
LDUH include dosage and duration of treatment. Obese
patients in particular seem to benefit from a reduction in
VTE risk with appropriate weight adjusted dosing [38]. A
systematic review of 1728 patients demonstrated continuing
LMWH post-discharge in patients undergoing major abdom-
inal/pelvis surgery resulted in a significant reduction in VTE
events [39]. The most recent American Society of hematol-
ogy VTE prophylaxis guidelines for cancer patients support
the use of extended pharmacological VTE prophylaxis for
major abdominal/pelvic surgery [40]. For radical cystectomy
patients, the standard of care is to continue pharmacological
VTE prophylaxis for 28 days post-operatively [41]. Post
RALP, pharmacological VTE prophylaxis post-discharge is
not usually necessary but can be considered if the patient is
deemed high risk of VTE.

Early ambulation and mechanical VTE prophylaxis are
also paramount in reducing the post-operative VTE risk.
Both European and American VTE prophylaxis guidelines
suggest the combination of pharmacological and mechanical
VTE prophylaxis is superior to a single VTE prophylaxis
modality. When mechanical prophylaxis is used the prefer-
ence is for intermittent pneumatic compression rather than
graduated compression stockings [38, 40].

3.11 Analgesia
Post robotic surgery side effects include abdominal pain, shoul-
der tip pain, and ileus [6]. Compared to an open procedure,
robotic surgery patients generally have smaller midline inci-
sions and subsequently a reduced requirement for analgesia.
Multi-modal analgesia including paracetamol, NSAIDs
(assuming normal renal function), limited use of opiates and
local/regional anesthesia (for example, erector spinae/transver-
sus abdominus plane block) is common and usually sufficient
in managing pain particularly in the context of ERAS [4].
Epidurals are infrequently used given the preference to
encourage early mobilization as part of the post op recovery
and the expected short length of admission. There may be
cases where it is determined an epidural is required, it should
however not be used intraoperatively as the Trendelenburg
positioning may lead to cardiac instability from potential
high block [19]. Spinal anesthesia may also be used as part
of a multi-modal analgesia plan. However, anesthetists
should first determine if the patient has been administered
prophylactic anticoagulation. European Surgical Association
(ESA) guidelines on VTE prophylaxis suggest if neuraxial
anesthesia is planned that prophylactic anticoagulation be
commenced post-operatively [42]. A significant common
issue post RALP is abdominal pain due to bladder spasms.
There is limited evidence suggesting intravesical local anes-
thetic is beneficial in reducing catheter related discomfort
[43]. A small-scale 2013 study comparing RALP patients
receiving intravesical ropivacaine and placebo suggested
patients in the treatment arm had similar pain scores but
required smaller doses of NSAIDs [44].
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The Role of Virtual Reality, Telesurgery,
and Teleproctoring in Robotic Surgery
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1 Introduction

Computer interfaces and Internet connections have led to sig-
nificant technological advances, which impact our everyday
life, as well as surgical practice. The SARS-CoV-2 pandemic
has catalyzed the set-up of a telemedicine infrastructure in
many healthcare systems worldwide, and remote workplaces
have become increasingly common. Will tomorrow’s surgeons
be able to simultaneously provide teaching across multiple
continents, based on protected and secured connections? Will
they not only virtually scrub in, but operate from home too?

Technological progress is paving the way for this change
in surgical paradigm, and upcoming developments in digital
surgery are highly anticipated.

2 Virtual and Augmented Reality
in Robotic Surgery

Virtual Reality (VR) applications that immerse users into a digi-
tal version of reality are based on a synthetic three-dimensional
(3D) environment. Augmented Reality (AR) is closely related,
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and superimposes VR data onto the real-world environment,
through a variety of available displays. Three essential charac-
teristics of VR and AR include immersion, presence, and inter-
action. These digital technologies allow the automation of
repetitive tasks and support medical education and training.

The use of VR has the potential to develop and improve
surgical skills and reduce procedure errors [1]. VR simulators
allow to familiarize surgeons with robotic systems and to shift
robotic surgery training outside of the operating room (OR).
Various sets of VR exercises are available for several robotic
surgical platforms. Despite a growing evidence for skill trans-
fer to the OR from laparoscopic VR simulators, equivalent
data is scarce for robotic VR simulators. Consequently, a
recent systematic review and meta-analysis addressed the
transferability of surgical skills acquired on robotic VR simu-
lators to the OR, as well as the predictability of intraoperative
performance from robotic VR simulator performance [2]. Out
of more than 14,000 articles on robotic VR simulation train-
ing, only 8 pertained to these inclusion criteria (skill transfer-
ability: 5, predictability: 3). The limited available data support
the use of robotic VR simulators for surgical skill acquisition
and assessment. Significant positive correlations between
robotic VR simulator and intraoperative technical surgical per-
formance were observed in two of three studies. Quantitative
analysis showed a positive combined correlation (r = 0.67,
95% CI1[0.22, 0.88]). In addition to technical skills, non-tech-
nical aspects such as cognitive training and clinical decision-
making should also be investigated to assess robotic VR
simulator training benefits and limitations [2]. More studies
are necessary to correlate robotic surgery training modalities
to intraoperative performance and operative outcomes.

By taking patient-specific data into account, procedures
can be tailored to individual characteristics. Dedicated soft-
ware allows for 3D reconstructions of tomographic imaging
studies, yielding patient-specific virtual models from com-
puted tomography (CT) or magnetic resonance imaging
(MRI) [3-5]. A clear understanding of normal and patho-
logic patient anatomy is key for any type of surgery. Different
methods are available to obtain a 3D reconstruction of
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tomographic images. Direct volume rendering (DVR), com-
monly integrated into radiological workstations, creates a 3D
reconstructed view, which makes the anatomy easier to
understand. However, DVR is unsuitable for computing
organ volumes or simulating a surgical resection. To do so, a
surface rendering (SR) technique has to be used. SR is based
on organ segmentation, which is a delineation of all structures
of interest. It allows for an interactive visualization of the
reconstructed anatomy, including navigation features such as
zooming in and out, rotating the virtual model, and transpar-
ent views selectively showing the chosen structures [4, 6].
Even anatomical variants which are potentially missed when
screening CT or MRI images in conventional slices become
apparent in SR 3D reconstructions. As a result, these recon-
structions best meet surgical needs, allowing for patient-
specific virtual surgical exploration and surgical strategy
planning by means of individual procedure simulation [5].

These 3D anatomical models provide an individual vir-
tual reality environment. The VR simulation of a procedure
on the patient-specific digital clone allows trainers and train-
ees to discuss and come to an agreement upon the ideal oper-
ative approach. These digital clones are easy to share with
experts around the world, if desired. The comprehensive
visualization of the target anatomy can be shared to obtain a
second opinion on the same 3D model, which minimizes the
potential difference in interpretation based on 2D slices. In a
pioneering study (Argonaute, 2004), the same 3D recon-
struction could be viewed virtually by several surgeons in
different locations, in order to allow joint decision-making
[7] (Fig. 1/Video 1).

As an example, a liver tumor occasionally appears to be
located in one specific segment in standard tomographic

Fig. 1 Teleconference with interactive visualization of the virtual 3D
model within the Argonaute project. The model can be rotated, and
organ systems can be shown or hidden individually, in order to facili-
tate the remote assessment of liver tumors by several experts (see
Video 1)

images, whereas segmental vessel occlusion in the virtual
model reveals that the affected segment is indeed a different
one. Surgical planning based on a virtual model provided
valuable assistance and led to a change in operative strategy
in approximately 10% of more than 100 liver resections [5].
In the Visible Patient software, which is based on research of
the IRCAD research and development team, additional vir-
tual surgical tools such as selective vascular clamping allow
to simulate resections. This makes it possible to identify
liver tumors with regard to the vascular territory and its
respective segments (Fig. 2/Video 2). As a result, resections
can be optimized for an organ-sparing approach with safe
margins [8, 9].

When the ideal operative strategy has been defined, a vir-
tual environment allows to simulate the individual inter-
vention. The ability to repeatedly rehearse procedures allows
to enhance surgical training and prepares for the real surgical
procedure [10]. Repetition with deliberate practice is key
for skill acquisition [11]. In other disciplines, rehearsing is a
much more common practice than in surgery. Movie produc-
tion is based on the separate study of scenes, which are prac-
ticed and recorded until perfection, even in an arbitrary order
under a director’s guidance, and then compiled into the final
film. Surgery is somewhat different and more like a musical
piece, which has to be performed at once in the predefined
order. When playing an instrument, compositions are divided
into passages which are practiced and repeated until perfec-
tion. The oeuvres are rehearsed individually, within smaller
groups, and with the entire orchestra. Only then, the com-
plete piece is performed on stage in the intended order.
During practice, musicians get input from their teachers and
orchestral conductors. The time has come to integrate such
practice routines into the preparation of similarly complex
surgical procedures, which not only rely on procedural skills,
but also include different tasks for each team member and
necessitate team interaction.

The combination of simulation with surgical planning
will thus lead to optimal care delivery [10], and rehearsal in
the form of preliminary virtual operations should become
mandatory for complex operations. Expert assistance pro-
vides valuable feedback during procedure rehearsals, where
the specialist can be local or remotely connected. With vir-
tual procedure simulation environments, discussion of the
ideal surgical approach is again accessible for validation by
a second expert. The preplanned surgical strategy with antic-
ipated port positioning, procedural steps, resection planes,
etc., then provides intraoperative guidance.

3D reconstruction in a pediatric urology case series,
including congenital malformations and Wilms’ tumors,
facilitated the understanding of complex anatomical rela-
tionships and diagnosis of anatomical anomalies. Virtual sur-
gical planning included the assessment of the renal
vasculature, individual vessel clip applications, and 3D
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Fig. 2 This central cholangiocarcinoma was interpreted as right-sided
from the CT scan alone (a). The 3D model allows to focus on the rele-
vant anatomy (b). Once the hepatic and portal veins have been selected

model volume measurements for the renal tumor and rem-
nant after organ-sparing surgery. Patient-specific stepwise
procedural planning allowed for an accurate partial nephrec-
tomy simulation [4]. Such a simulation of resection accord-
ing to the vascular territory making it possible to check
which segment can be preserved in a parenchyma-sparing
approach is shown in Fig. 3. Video 3 shows the preoperative
CT scan and 3D reconstruction of a bilateral nephroblastoma
in a child, with planning of a function-preserving bilateral
partial nephrectomy, as well as the reconstructed postopera-
tive CT scan.

Individual VR models can be displayed intraopera-
tively, with various software solutions available for 3D
reconstruction. Intuitive Surgical offers Iris [12], a visualiza-
tion service segmenting and labeling anatomical structures
to generate a 3D model from patient deidentified CT scans.
In a recent multi-institutional propensity score-matched
analysis assessing 3D-image-guided robot-assisted partial
nephrectomy (3D-IGRAPN), the risk for major complica-
tions was significantly lowered and perioperative outcomes
improved using virtual 3D models of the tumoral kidneys
obtained with the Synapse 3D® Kidney analysis® application
software (Fujifilm, Japan). The trifecta (namely, the combi-
nation of negative surgical margins, 90% preservation of
eGFR at the first clinical visit postoperatively (3—6 months),
and absence of perioperative complications) achievement
rate was significantly higher in the 3D-IGRAPN group [13].

(¢), vascular clamping can be simulated, demonstrating the need for a
change in operative strategy to perform a left hemi-hepatectomy instead
of a right-sided one (d) (see Video 2)

The da Vinci platforms’ built-in computer interfaces
allow to connect a mobile device to display 3D reconstruc-
tions and navigate manually within any of these VR models.
With the use of TilePro, the VR models are then shown in a
side-by-side image within the console display next to the
live video feed, and can also be visualized on the auxiliary
screen for the rest of the OR team [5].

As a future perspective, artificial intelligence (Al)-based
software will allow automatized reconstructions even in real
time in the operating room. For automatized 3D reconstruc-
tions, the implementation of an Al approach was recently
proposed as a means to avoid time-consuming manual seg-
mentation [14] (Fig. 4).

Similarly, 3D-printed models based on virtual 3D imag-
ing models support the understanding of the relevant anat-
omy and surgical planning. In a urological study focused on
robot-assisted radical prostatectomy and partial nephrec-
tomy (RARP and RAPN), 3D-printed models were perceived
as a useful tool, as evaluated by urologists (from trainees to
experts) and patients regarding the understanding of the dis-
ease and the planned intervention [3]. The 3D-printed mod-
els allowed for a quick understanding of the specific case,
and they were superior to virtual 3D models and standard CT
in terms of vascular anatomy in particular [15]. While
3D-printed models can be used for ex vivo procedure train-
ing, the virtual models have the advantage of a fusion with
the real-time stereoscopic intraoperative view, resulting in an
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Fig.3 3D reconstruction for a patient with multiple tumors in the right
kidney (a). Virtual clip application on the segmental arterial branches
makes it possible to visualize each segment in a different color (b).
Image courtesy Visible Patient online service

augmented reality view [9]. With a transparency adjustment
of the virtual image, the overlay improves the orientation and
identification of anatomical landmarks. The precise overlay
(registration) is still a challenge, as respiratory motions, peri-
toneal gas insufflation, and organ deformation via surgical
manipulation have to be taken into account for an AR view
throughout any procedure [5]. The more stable the target
organ during a procedure, the easier the AR overlay. In a
pioneering study for laparoscopy, AR assistance was first
described in adrenalectomy [16]. With the use of a video
mixer, the 3D reconstruction was manually merged with the
video feed from the integrated camera in the surgical light
(external view), as well as with the laparoscopic view. The
AR view was then displayed onto an additional video screen
and adapted during the procedure, supporting the identifica-
tion of the dissection planes, the adrenal gland with a Conn’s
adenoma, and the relevant vasculature [16] (Fig. 5).

In a subsequent adrenalectomy series (12 right-sided and
3 left-sided procedures), AR superimposition was more pre-

cise on the right side (maximal error of 2 mm) than on the
left side. In the anterior left adrenal approach, splenic mobi-
lization and organ retraction represented a challenge for the
live manual interactive AR overlay with a computer scientist
[6]. The virtual and augmented reality approach developed at
the Institute for Research against Digestive Cancer (IRCAD)
was applied to various clinical settings and minimally inva-
sive procedures, including endocrine [17], colorectal [18,
19], hepatobiliary, and pancreatic surgery [8—10, 20-22].

With a focus on urologic cancers, a collaboration with a
team of bioengineers was started 4 years ago by Porpiglia
et al. to define the ‘“high-definition 3D models” [23].
Hyperaccuracy three-dimensional (HA3D) reconstruction
also relies on the clinical expertise (of urologists and radiolo-
gists), with a professional software authorized for medical
use managed by the engineers. The 3D models were merged
with the camera images in a manual overlapping of the
images, performed by an assistant of the surgeon with the
use of a 3D professional mouse. Their AR display in the da
Vinci surgical console via the integrated TilePro software
provided intraoperative AR guidance during robotic surgery
[24].

This technology was applied both in prostate and kidney
cancer surgery (Fig. 6, Videos 4/5). In prostate cancer sur-
gery, the AR images allowed to correctly identify the tumor
location in a static phase of the intervention [25].
Subsequently, with the development of elastic virtual mod-
els, it was also possible to overlap these models during a
dynamic phase of the intervention, such as the nerve-sparing
phase, in which the tissue shapes are deformed by the surgi-
cal action [26]. The implementation of AR guidance for the
modulation of surgical resection on the neurovascular bundle
reduced the risk of positive surgical margins. Concerning
renal cancer surgery, the 3D AR images allowed to identify
the arterial branches of the renal pedicle, thereby helping
with the pedicle dissection and allowing to perform a higher
rate of selective clamping.

In addition, these AR images demonstrated their useful-
ness during the extirpative phase during partial nephrectomy
for endophytic tumors. The availability of AR technology
allowed to project hidden lesions precisely on the organ sur-
face. Lastly, after tumor removal, AR guidance allowed to
identify intraparenchymal structures involved in the resec-
tive phase, such as violated calyces or arteries and veins
bleeding into the resection bed, which gave the surgeon the
opportunity to manage them selectively [27].

The next step in the evolution of AR-guided robotic sur-
gery is the automatic overlay of 3D virtual images. The
advent of Al in particular will help to recognize some struc-
tures as landmarks inside the operative field (artificial land-
marks such as the urinary catheter during prostatectomy, or
natural landmarks such as the kidney shape during partial
nephrectomy). After an algorithm training phase, Al-based
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Fig. 4 Significantly reduced duration for 3D reconstructions with the implementation of artificial intelligence-based algorithms

software will allow to anchor the 3D models to the real anat-
omy automatically, hence avoiding the need for any manual
assistance [28]. Recently presented pioneering experiences
demonstrated promising findings for both kidney and pros-
tate cancer surgeries. Indeed, the automatically overlapped
3D AR images correctly identified the tumor during the
intervention [29].

Port placement for robotic surgery has to be planned by
taking individual robotic arm movements into account. More
and more robotic surgical systems reach the market, and sur-
gical access must be adapted for each one, according to the
specific platform. VR models and AR overlay of the target
anatomy support access planning via a “see-through” view,
as shown for laparoscopic adrenalectomy [16], liver segmen-
tectomy [9] (Fig. 7), or to obtain an optimal triangulation
despite the constraints of intercostal port positioning in a
trans-thoracic approach for liver surgery [22]. For the
Versius® Surgical Robotic System (CMR Surgical Ltd,
United Kingdom), the subcostal port position can be adopted
from the posterior retroperitoneoscopic adrenalectomy
(PRA) approach as standardized by Professor Martin Walz,
Germany [30] (Fig. 8).

Augmented reality is a critical step forward to the
automatization of robotic interventions, for which the
robot needs to learn to see in transparency what the camera
does not show. Twenty years of experience on AR taught us
about the challenges of registration accuracy, in particular
of real-time deformable registration to fuse the digital

model with the manipulated organs in a live video feed.
Three main approaches were reported to address the limita-
tions of current registration solutions, namely manual
alignment (operator-dependent, for small deformations
only), automatic rigid registration (for small deformations),
and deformable registration (for strong deformations, tech-
nically challenging and requiring organ-specific parameter
tuning) [31].

To resolve such challenges, a hybrid operating room
was built at IHU Strasbourg, a facility equipped with medi-
cal imaging (CT, MR, cone-beam CT, ultrasound, fluoros-
copy) and/or guidance systems in addition to full surgical
capabilities. A hybrid OR allows for dynamic planning,
guidance, and control via various human-machine interfaces
intraoperatively [32]. However, it is neither in the interest of
surgeons nor patients to undergo repetitive intraprocedural
irradiation for continuous imaging updates. Additionally,
there is little compatibility of large-footprint medical imag-
ing such as CT, cone-beam CT, and MRI with current robotic
surgical systems. Unlike in interventional cardiology or
percutaneous procedures (e.g., ablation therapies), these
technical challenges make general and urological surgery too
complex for a routine integration of robotic laparoscopy into
hybrid ORs. Ultrasound is an imaging modality that is much
less expensive and more readily available. It carries a great
potential for 3D reconstructed views, automated robotic nee-
dle placement, and integration with Al for diagnosis and
treatment, particularly in percutaneous interventions.
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Fig. 5 Augmented reality-assisted laparoscopic right adrenalectomy. adrenal gland and lesion are congruent with the resected specimen (d).
The contrast-enhanced CT scan (a) is reconstructed in 3D with the dis- ~ The intraoperative view (e) can be supplemented with augmented real-
play focused on the relevant anatomy (b, ¢). The 3D volumes of the ity guidance at any given step of the dissection (f, g, h)




The Role of Virtual Reality, Telesurgery, and Teleproctoring in Robotic Surgery 67

Ph D seting F o cops Manapoler Curved Lonsess

Manopolar Curved Sciion

Fig.6 Intraoperative augmented reality (AR) guidance in robotically assisted partial nephrectomy (a) and radical prostatectomy (b) (Videos 4 and

5 for the digital version)

Fig. 7 AR-guided robotic port placement guided by projecting the vir-
tual model onto the patient via an external beamer above the patient [9]

Ablation procedures such as radiofrequency ablation and
cryoablation, among others, are much more suitable for robot-
ization than laparoscopic approaches. Ablation therapies are
increasingly being reported for prostatic [33], renal paren-
chyma-sparing, and adrenal procedures [34-36] to a lesser
extent. Aquablation of benign prostatic hyperplasia is the first
procedure to incorporate features of autonomous robot-
assisted surgery in clinical trials, and it is categorized at the
level of conditional autonomy. Biplanar transrectal ultrasound
(TRUS) is used for manual mapping of the target resection
areas. The machine subsequently delivers the saline at a high
velocity to autonomously perform prostatic resection accord-
ing to the mapping. A 3D reconstructed model built from
TRUS images is also the basis for dosimetric planning and
needle trajectories of the EUCLIDIAN system for autono-
mous robot-assisted prostate brachytherapy [33].

For small benign adrenal tumors, partial adrenalec-
tomy can replace total adrenalectomy if the lesion can be

removed completely [37-39]. Partial adrenalectomy is
increasingly performed for steroidogenic function pres-
ervation with low rates of adrenal insufficiency and
recurrence [39-43]. When a partial adrenalectomy is
envisaged, periadrenal dissection exposes the gland at
the price of division of the abundant arterial network
reaching the adrenal capsule. Devascularization of the
future remnant has to be avoided, and as a result, the
intraoperative view of the gland is limited. Intraoperative
measurements with a flexible ruler and CT-calculated
volumes showed a considerable discrepancy [44].
Intraoperatively, the adrenal glands can be hidden from
view, particularly in an abundance of retroperitoneal adi-
pose tissue commonly encountered in Cushing’s syn-
drome (Fig. 9). Virtual 3D reconstructed models provide
valuable guidance to ensure complete tumor removal
while preserving a maximum of adjacent healthy adrenal
gland. See-through vision with AR approaches based on
3D image reconstructions, as well as a near-infrared
light tissue penetration depth of several millimeters
(<1 cm) in fluorescence imaging, are promising tools for
partial adrenalectomy.

Fluorescence image-guided surgery (FIGS) is a navi-
gation modality based on the use of near-infrared (NIR)
light sources that interact with an intravenously or locally
administered fluorophores such as indocyanine green (ICG).
During NIR light illumination, the fluorophore is excited
and emits a fluorescent signal, which is then captured by a
designated camera system [45]. The view captured in the
NIR range is overlaid onto the standard visible light video
feed. As a result, FIGS represents an enhanced reality imag-
ing modality.
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Fig.8 Translation of the posterior retroperitoneoscopic adrenalectomy
(PRA) technique to a new robotic surgical system. (a) intraoperative
view of the retroperitoneum, dorsal view onto the right kidney and nor-

FIGS allows for augmented reality registration, as
reported via the use of fluorescent fiducials in kidneys
[46]. A near-infrared fluorescence 3D visual tracking sys-
tem, including 3D surface reconstruction, is the basis for
bowel anastomoses performed by the Smart Tissue
Autonomous Robot (STAR) [33]. With a near-infrared
visualization technology (Firefly mode) and the Iris navi-
gation tool, both AR imaging modalities are integrated into
the da Vinci robotic systems (Intuitive Surgical, Inc.,
Sunnyvale, CA, United States). The Firefly mode can be
activated from the surgeon console. Several other manu-
facturers plan to integrate fluorescence imaging into their
robotic platforms over time.

In addition, fluorescence guidance is continuously gain-
ing interest during minimally invasive adrenal surgery. Since
its first description [47], a handful of studies reported its use
[48, 49]. ICG-enhanced imaging was felt to contribute to
procedural safety and efficacy, based on the superior visual-
ization of the adrenal glands during robotic adrenalectomy
[50]. Separate fluorescence characteristics were recently
described for different pathological adrenal conditions [51].
The contrast between different fluorescence patterns allows
for an enhanced tissue distinction between tumor and nor-

mal adrenal tissue (RA). (b) Exposure of the right adrenal metastasis
(M). (c) Prone positioning and right-sided port placement derived from
the PRA technique

mal adrenal gland, as well as retroperitoneal tissue. Due to a
favorable experience with ICG fluorescence, the Cleveland
Clinic group incorporated it within their routine robotic
adrenal surgery practice [S1].

Most studies assessed adrenal fluorescence data qualita-
tively and subjectively [51, 52], which is valid to discrimi-
nate the adrenal glands from surrounding tissues. However,
the interpretation of fluorescence signals can be biased.
When moving the camera closer to the target, fluorescence
signal intensity increases due to its relationship inversely to
the square of the camera-to-target distance (inverse-square
law in optics). Additionally, a residual fluorescence signal
from a previous injection can limit qualitative assessment
upon reinjection [45].

In contrast, a quantitative assessment of fluorescence sig-
nal intensity dynamics over time allows for a more objective
documentation [51], and is a prerequisite for perfusion
assessment. ICG injection in perfusion assessment is based
on the fluorescence signal arrival in the target tissue resulting
in distinct perfusion curves, which can only be visualized by
quantitative fluorescence imaging [42, 45]. However, it is
currently not integrated into commercially available sys-
tems. At the IRCAD, a quantitative software-based approach
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Fig. 9 Cushing’s adenoma within the left adrenal gland. (a) standard axial CT view, (b) anterior 3D model view, (¢) posterior 3D model view as
in posterior retroperitoneoscopic adrenal surgery

was thus developed to allow a measurement of the dynamic
evolution of fluorescence signal intensity over time [42, 45].
This dynamic fluorescent signal intensity evolution captured
with a static camera is independent of the camera-to-target
distance, and the arrival speed of the fluorescence signal
after intravenous dye injection represents tissue perfusion.
These data can be translated into a color-coded perfusion
cartography for an intraoperative overlay.

In a bilateral posterior retroperitoneoscopic approach, the
proprietary software was used to assess fluorescence dynam-
ics simultaneously for both adrenal glands. It allowed to cal-
culate bilateral perfusion cartographies and to superimpose
them onto the images of the corresponding left and right

camera systems [42, 45]. In the enhanced reality view after
adrenal gland division without any circumferential dissec-
tion, the remnant segments with an impaired perfusion could
easily be distinguished from the ones with regular perfusion,
with the ipsilateral kidney serving as a reference for normal
fluorescent signal arrival speed (Fig. 10). Quantitative evalu-
ation of adrenal remnant perfusion was congruent between
FIGS and contrast-enhanced intraoperative CT scan mea-
surements and it has the potential to be a surrogate marker
for cellular integrity [42]. Quantitative FIGS provides an
evaluation of organ perfusion, and it is independent of resid-
ual fluorescence signal intensity when multiple fluorophore
injections are administered [42, 45].
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Fig. 10 Intraoperative white light (a) and enhanced reality view (b) of
a left adrenal gland divided in its middle. Asterisks mark measuring
points for representative perfusion curves. On the right (c), correspond-
ing perfusion curves are shown for the cranial and caudal parts of the

3 Telesurgery

Telesurgery is defined as a procedure performed by a sur-
geon operating from a remote location. Telepresence means
that someone appears to be present or to have an effect at a
location other than the actual place where the person is situ-
ated [11]. The initial impulse for the development of multi-
purpose robotic systems was to perform long-distance
surgery, in order to minimize harm for the surgical team
while decreasing trauma casualties in battlefield settings.
The military intended to provide immediate surgical control
at the site of injury, as opposed to evacuation of the wounded
to the closest mobile army surgical hospital (MASH). A tele-
presence surgeon’s workstation would be operated from the

adrenal gland and the kidney. The cranial adrenal segment (dotted
arrow) shows decreased perfusion (blue), whereas caudal perfusion
(solid arrow, red) is equal to that of the kidney (Published in [42])

MASH, and the remote surgical unit transported to the
patient in an armored vehicle [53].

The Lindbergh Operation was a world premiere in the
quest for the globalization of surgical procedures via long-
distance robotic telesurgery, using the ZEUS system
(Computer Motion, United States). The system compo-
nents were connected across the Atlantic Ocean at a dis-
tance of 6200 km via a high-speed fiberoptic connection.
The time delay inherent to long-distance transmissions
was defined during preliminary studies. A safe maximum
threshold for the latency between the command of an
action and its return on the screen was determined
(330 ms). In order to allow for a safe surgical procedure,
this latency was further limited to a level that was virtually
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imperceptible to the human eye (155 ms). Consequently,
the surgical team steering the console in New York was
able to perform a robotic cholecystectomy in a patient in
Strasbourg, with telemanipulation of the 2 instrument
arms, and electrosurgery activation via voice commands to
the on-site surgical team in Strasbourg [54, 55]. Soon
afterwards, the world’s first national telesurgical service
was established in Canada, connecting a teaching hospital
to a community medical center. A total of 22 remote tele-
surgical procedures were performed by two surgeons,
including 13 laparoscopic fundoplications, 7 colorectal
resections, and 2 inguinal hernia repairs, with a similar
latency [56]. Despite this novelty and significant techno-
logical requirements, no major intraoperative complica-
tions were come across, and postoperative recovery was
uneventful [54-56]. Telerobotic assistance provided “on
the job” training to the community hospital surgeon, allow-
ing the expert surgeon to switch from performing the early
procedures to assisting the later fundoplication case series
[56]. These pioneering cases demonstrated that long-dis-
tance surgery was safe and feasible. However, it implied
substantial costs, considering the expense of robotic surgi-
cal systems and telecommunication infrastructures. As
technology advances, its implementation gets more cost-
effective. A few decades afterwards, a multitude of teleop-
erated surgical systems is now commercially available or
about to enter the marketplace. When compatible, a single
robotic console at an expert center could be connected to a
number of bedside units located at various community
hospitals [56].

Both high bandwidth and low latency are essential for
optimal data transmission and telesurgical performance.
The evolution of networks used for surgery included sat-
ellite, Integrated Services Digital Network (ISDN), ATM
(used in the Lindbergh operation), Internet Protocol/
Virtual Private Network (IP/VPN used in the Canadian
series), and current wireless networks [57]. The advent of
fifth-generation cellular networks (5G) brings about a
technology standard for broadband connectivity with a
low latency. Download speeds can reach the gigabit per
second (Gbit/s) range, and broadband capacity will fur-
ther increase during the rollout of 5G networks. In combi-
nation with near-instantaneous latency (1-2 ms), 5G is
suitable for remote telesurgery and will even allow the
integration of virtual and augmented reality. The use of
high frequencies of up to 30GHz provides the high data
transmission rate. However, with these shorter wave-
lengths, the range is influenced by a worse penetration of
objects. Consequently, 5G high bands have a 100x faster
data rate, a 10x lower latency, but overcome a 60x shorter
distance when compared to LTE (Long-term evolution/4G)
[57].

Despite an increasing amount of newspaper articles and
announcements on company websites, peer-reviewed scien-
tific publications regarding the most recent telesurgical pro-
cedures using a 5G network are still awaited. 5G availability
provides a more economical solution than the ATM technol-
ogy, and 5G networks will become the backbone for a
democratized robotic telesurgery. A 2021 review [57]
summarized the scientific publications on 5G use in surgery,
with its use for remote robotic camera control [58], telemen-
toring (at a 4 and 6 km distance) [59], a vocal cord procedure
on a cadaver (15 km distance) [60], remote laparoscopic sur-
gery in an animal model (3000 km) [61], and one case series
of remote spinal surgery (120-3000 km) [62]. In only two of
these studies, remote telesurgery was performed in vivo, and
their network connection was reported as stable [61, 62]. In
porcine laparoscopic long-distance surgery, the mean total
latency was 264 ms (258-278 ms), as opposed to a wired
Internet connection with 206 ms (204-210 ms). Whereas the
delays from surgical robot servoing, mechanical response,
imaging and image processing, and video codec were equal,
the observed latency difference was due to a shorter mean
round-trip delay via the wired Internet connection (5G:
114 ms; wired connection 56 ms) [61]. With 3000 versus
6200 km of distance covered, these round-trip delays are
nearing the one achieved via ATM transport during the
Lindbergh Operation (78-80 ms) [54]. In spine surgery case
series with distances ranging from 120 to 3000 km for the
various hospitals involved, the mean network latency was
reported as 28 ms, without listing the involved components
[62]. Although modern networks reduce signal latency, it
remains an issue. Instrument motion scaling has been pro-
posed to improve safety and efficiency in robotic surgery that
is subject to a latency. Not surprisingly, delays of 500 ms and
750 ms significantly increased task time, as well as the num-
ber of errors. In these high latency settings, improvements in
instrument path motion were observed with the implementa-
tion of negative robotic instrument motion scaling, and the
error profile was equivalent to the no-latency scenario for 2
out of 3 users [63].

5G-based advanced robotic telesurgery is an area of
ongoing research, and it is paving the way for further tele-
surgery progress, along with other opportunities for 5G
use in telementoring and telehealth. Transcontinental tele-
surgery demonstrated that the technological advances of
robotic platforms allow for telepresence surgery from
remote locations, irrespective of the geographical dis-
tance between surgeons and patients on the Earth. The
concept of remote surgery reaches another dimension
when envisaging space travel and outposts on other plan-
ets. Due to weight limitations in space travel, a telesur-
gery robotic patient-side module would have to be
considerably more lightweight than current robotic sys-
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tems. Space surgery was explored in experimental settings
of simulated microgravity and aboard spacecraft. In open
surgery, microgravity leads to the floating of mobile bowel
and body fluids, which can disperse throughout the cabin.
As a result, a sealed laparoscopic approach is more suit-
able in weightlessness [64]. The feasibility of endoscopic
surgery in weightlessness was demonstrated in the por-
cine model on parabolic flights, including laparoscopy,
thoracoscopy, creation of bleeding, and observation of
blood spread without gravity [65]. The rich history of uro-
logical investigations in spaceflight is detailed in a 2017
review, with interesting issues such as urolithiasis, infec-
tions and antibiotic treatment, urological interventions,
and fertility in weightlessness [66]. As there is no means
to timely get an expert surgeon to a patient beyond Earth
orbit or vice versa, surgical care on spaceflights relies on
remote assistance, including telementoring and—poten-
tially—robotic telesurgery. Advanced surgical care will
be required in future long-duration missions to the Moon
or Mars, whereas it is not practiced in space missions in
low Earth orbit. A similar isolation from medical care as
in spaceflights exists in the Antarctic and enclosed under-
sea environment research stations, from which rescue
missions are challenging. During the NEEMO 9 mission,
extreme communication latencies of over 2 s were tested,
representing the Earth-to-Moon communication time-of-
flight. This resulted in the duration of 10 min to accom-
plish a single knot-tying [67]. Communication lag time
increases with the target distance from the Earth, so that
teleoperated surgical robots can only be controlled in
proximity to the Earth. Support further out in space has to
rely on telementoring in a middle range, which transforms
to offline consultancy telemedicine with the long-distance
delay [68].

4 Telementoring/Teleproctoring

Remote procedural collaboration technology allows both
telementoring (remotely delivered supervised surgical skills
training via telepresence) and teleproctoring (remotely
delivered proctorship for licensing and/or revalidation
assessments) [11]. Over the last two decades, videoconfer-
ence equipment evolved from an expensive technology for
the happy few towards an opportunity for virtually every-
one, democratized via the Internet and smartphone
applications.

Next steps include the establishment of the necessary
infrastructure (Internet access and 5G networks) worldwide,
which might be delayed in rural and low-income areas which
would most benefit from remote teaching and interventions.
Worldwide, 313 million surgical procedures take place each
year. However, only 6% of these operations are performed in

countries where one-third of the world’s population lives.
Many people die from conditions that necessitate surgical
care (32.9% of deaths worldwide in 2010), and 143 million
additional lifesaving and disability-preventing operations
would be required. In low- and lower-middle-income coun-
tries, 9 out of 10 people lack access to basic surgical care,
resulting in high case-fatality rates from common treatable
surgical conditions [69].

Robotic surgery equipment is mainly available in larger
centers, and may represent an additional factor of central-
ization [70]. The worldwide dissemination of robotic tele-
surgery might have to wait for new low-cost business
models for robot accessibility other than in privileged first-
world environments. In contrast to remote telesurgery,
which relies on an equally skilled local back-up team to
complete the procedure in case of failure of the network
and/or robotic system, telementoring and teleproctoring
are becoming increasingly available. At the IRCAD, an
entirely virtual university program has targeted teleeduca-
tion and tele-accreditation (WebSurg), telemanipulation,
and telesurgery over the past two decades [71, 72]. In
2007, a mobile videoconferencing robot was used for
robotic telementoring to provide live remote laparoscopic
training guidance (including an intercontinental connec-
tion between France and the United States) [73] (Video 6).
Nowadays, integrated operating room solutions offered by
various companies provide telementoring tools (Fig. 11).
A recent systematic review indicates that the safety and
efficacy profile of telementoring is similar to on-site men-
toring [74].

Telementoring has the potential to deliver surgical exper-
tise to underserved areas and to allow for a global reach of
expertise to facilitate the teaching of advanced surgical skills.
However, a successful delivery requires a shared understand-
ing of set-up requirements, including legal and ethical impli-
cations, how the service will be delivered, and how to audit
outcomes to allow for continuous incremental improvements
[11]. Both the preceptor and preceptee should have appropri-
ate training and agreement on how the service will be run
prior to implementation, as underlined equally for on-site
preceptorship [75]. A checklist of the requirements for the
successful implementation of telementoring is shown in
Fig. 12.

Future research into the beneficial effects of collabora-
tion will likely result in new thinking strategies. If benefits
to patient outcomes and improved safety are confirmed,
both legal and reimbursement issues will be more easily
resolved [76].

Telementoring and teleproctoring will impact the
worldwide democratization of surgery at two levels of
expertise: the global dissemination of basic surgical tech-
niques, as well as the targeted expansion of specialized
interventions.
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Fig. 11 Telementoring provided from IRCAD to the University Hospitals of Strasbourg for a laparoscopic sleeve gastrectomy (a, b) and laparo-
scopic colorectal surgery (c, d)

TELEMENTORING SET-UP, PLANNING AND SAFETY CHECKLIST

Before installing the service » » » » » » » » Before patients involved » » » » » » » » » » Before patient leaves operating room

SET-UP DELIVERY

[0 Local IT contact confirmed [J OR team trained in telepresence
¢ Sufficient bandwidth (>5MbS)

Communication terminology

¢ Good audio-visual links |
* Secure connection [0 TTT certified telementor identified
¢ Stable connection available
» Enable firewall traversal, appropriate U Telepresence service agreement
ports signed between trainer and trainee
[0 Equipment required
e Laptop . .
Video converter [0 Teleconference with trainer

.
¢ External camera(s)
.

Telestration/image overlay/VR and [ Review: procedural phases, visual
AR options cues, tasks and errors
[J Telepresence software licence O Review: patient Hx, imaging, MDT
[0 Test connectivity
* Ability to view video streams on laptop [0 Agree op plan and telepresence
¢ Video resolution for use case — schedule for the planned operation
between 720p at 20fps to 1080p at
30fps }
* Drops < 1 drop per hour [0 Informed consent form for patients

* RTD <250ms between centres
[0 Hospital organisation confirms
* Protocols for telepresence services
¢ Legal implications/GDPR/HIPAA
compliance

[ Informed consent form for OR team

THIS CHECKLIST NOT INTENDED TO BE COMPREHENSIVE, ADDITIONS AND MODIFICATIONS TO FIT LOCAL PRACTICE ARE
TO BE ENCOURAGED

Fig. 12 Telepresence set-up, planning, and safety checklist (modified version of figure published in [11])
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5 Global Dissemination of Basic
Techniques

In a new era of global health, the Lancet Commission on
Global Surgery targeted the global health goal to ensure
access to safe and affordable surgical care for all. Scaling up
basic surgical care promotes global health, welfare, and eco-
nomic growth. Access to affordable and timely essential sur-
gery, with a high surgical volume and low perioperative
mortality, is one among several core indicators. By the year
2030, in order to reach the target of at least 20 surgical, anes-
thetic and obstetric physicians per 100,000 people in all
countries, an additional 1.27 million providers will need to
be trained, costing more than $45 billion, as 44% of the
world’s population lives in countries below this specialist
surgical workforce density threshold. In addition to a major
international surgical workforce shortage, a gross inequity
results from its maldistribution [69].

Experts are used to traveling in order to provide humani-
tarian aid, perform procedures, and train local teams in order
to overcome knowledge gaps and lack of local infrastructures
[11]. On the other hand, visitors are welcomed and taught in
training centers such as the IRCAD, in order to disseminate
standard-of-care surgical skills. However, such travels, often
halfway around the world, entail logistical and financial hur-
dles, even prior to COVID-19 restrictions. Telepresence is a
means for expert surgeons to provide mentoring of novice
surgeons who are performing new procedures in remote loca-
tions. For many community surgeons, the completion of a
training period at a distant site is not a viable option, entailing
a slowed adoption of advanced laparoscopic skills in the
global surgical community [56]. In 1999, remote knowledge
translation via telementoring was already successfully used
for laparoscopic surgery aboard a naval vessel [77] or in a
mobile surgical truck in the rainforest [78], and is of no less
relevance today for rural areas within the United States [79].

6 Targeted Expansion of Specialized
Interventions

An organized educational program is of paramount impor-
tance to achieve proficiency in complex procedures, in con-
trast to simple ones. Adrenal surgery carries a significant
potential for morbidity and mortality, and it is subject to a
clear volume-outcome effect [70]. The European guidelines
recommend a minimum volume threshold of 6 adrenalecto-
mies per year per surgeon to ensure sufficient experience,
and >20 adrenalectomies per year for adrenocortical cancer
surgery [80]. Although the threshold of 6 annual adrenalec-
tomy procedures is low, only 55-65% of patients were oper-
ated on by a surgeon performing >6 adrenalectomies
annually, which corresponded to a third of surgeons, as

reported in a recent study on 4189 unilateral adrenalectomies
over a 6-year period in the UK. Twenty-one percent of pro-
cedures in this study were performed for malignancy, and the
majority of unilateral adrenalectomies were minimally inva-
sive approaches (76%). Robotic surgery was increasingly
performed over the 6-year study period, although it repre-
sented <5% of procedures [70].

Despite the existence of convincing data favorable to pos-
terior retroperitoneoscopic adrenalectomy (PRA), its dis-
semination was slowed down by the lack of surgical
familiarity with the altered view on the anatomy and the pos-
terior operative field, patient positioning and set-up, as well
as the different dissection technique via the creation of the
working space in the retroperitoneum [45, 81, 82]. Due to the
relative rarity of adrenal diseases when compared to colon
cancer as an example, on-the-job training opportunities are
limited. Sufficiently high case numbers for state-of-the-art
training are available in specialized centers only [45, 83].
Ideally, on-site observation of an experienced surgeon-
mentor precedes hands-on experience of the surgeon-learner
under supervision, with involvement of the entire local OR
team [82]. Time constraints and long-distance travels for the
mentor make implementation of complex procedures in
remote areas challenging. When on-site supervision in the
surgeon-learner’s institution is unavailable, distant precep-
torship via broadband Internet access and videoconferencing
equipment is a valid option.

Remote telementoring has proven to be safe and effective
when introducing PRA to Melbourne, Australia [82]. The
surgeon-learner was trained in advanced laparoscopy and
had >10 years of adrenal surgery experience before undergo-
ing a dedicated training period in a high-volume center in the
United States, and a surgical workshop with an internation-
ally renowned expert who developed and standardized the
PRA technique. The Australian OR team had the necessary
equipment available and was prepared including video
review of the PRA procedures to be implemented via a dis-
tant preceptorship support. Consequently, the first three
PRAs were performed via audiovisual telementoring without
any technical events and without any intraoperative or post-
operative complications. The transcontinental visual or audio
lag between the United States and Australia was minimal or
absent, and the connection quality (via Skype) was perceived
as excellent, despite the use of inexpensive standard laptop/
desktop computers without advanced telecommunication
systems [82]. PRA telementoring was continued in further
collaborations [84]. If no local mentor is available, the telep-
resence of an experienced surgeon during the implementa-
tion of a new technique eases stress on the operating team
and provides a valuable safety net [82]. Recently, telemen-
toring was used for the integration of transurethral enucle-
ation of the prostate using bipolar energy into an expert
endourologist’s portfolio [85].
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1 Introduction

Artificial intelligence (Al) has pervaded nearly every aspect
of our life: from Internet search engines, social media chan-
nels, facial recognition, to self-driving cars, or even language
translation. Of its various definitions, it commonly refers to
the general ability of a machine (usually, a computer) to
independently replicate intellectual processes typical of
human cognition in deciding on an action in response to its
perceived environment to achieve a predetermined goal [1].

The intersection of AI and medicine has resulted in
remarkable accomplishments in the past few years: image
diagnostic algorithms on par with or even better than humans,
accurate prediction of I-year mortality for palliative care
based on big data, and an Al clinician optimizes treatment
strategies for sepsis in the ICU, just to name a few [2-5].

Surgery is no exception to this trend. Al, and its associ-
ated computer science techniques, such as machine learning,
deep learning, reinforcement learning, and computer vision,
have been extensively used in the surgical field in recent
years, across areas such as preoperative surgical candidate
selection, surgical assessment and training, surgical outcome
prediction, intelligent intraoperative assistance, and eventu-
ally, autonomous surgery. Collectively, these applications
have been referred to Surgical Al In this chapter, we will go
into various aspects of Surgical AI and delineate its progress
during the past few years.
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2 Artificial Intelligence for Surgeons

Al may seem mysterious at first, but they are actually deeply
related to traditional statistical models and should be recog-
nizable to physicians. Generally speaking, by the scope of its
ability, Al can be classified as narrow, general, and super Al

(Fig. 1).

e Most if not all Al in use now are narrow Al, which means
they are designed to solve one specific task, like AlphaGo,
who specializes in Go and successfully beat the best
human player [6].

e General Al, in theory, should be able to solve any tasks
humans can do, even the ones we have not thought of.

e Then Super Al is defined by its ability to solve any intel-
lectual tasks better than humans.

Since the latter two Al concepts are still in the theoretical
stage and have not existed in reality, in this chapter, the term
Al only refers to narrow Al.

As a subfield of Al, machine learning (ML) involves the
development and deployment of algorithms that, instead of
being explicitly programed to assign specific outputs
(actions) in response to specific inputs (perceived environ-
ment), analyze the data and its properties on its own to deter-
mine the actions, thus constantly learning from data [7, 8].

ML algorithms can be further classified as either super-
vised learning (labeled) or unsupervised learning (unla-
beled), depending on whether outputs are labeled by humans
[1]. Supervised learning (i.e., Naive Bayes classification,
support vector machines, and random forests) is often used
to predict clinical outcomes, whereas unsupervised learning
(i.e., k-means clustering, principal component analysis, and
autoencoders) is often used to search for patterns within
complex data, such as genomics [1].

Deep learning (DL), on the other hand, refers to the
model structure. It is a form of artificial neural networks
inspired by the human biological nervous system. These
models consist of multiple layers, as each layer receives, pro-
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cesses, and outputs information to the next layer [9]. The
input into the first layer is the data set of interest, while the
output of the last layer is the outcome of interest. DL is often
used in image analysis.

Reinforcement learning (RL) also refers to the model
structure; however, it is generally in an interactive feedback
loop as the model receives either a reward or penalty for its
action. The model eventually learns the best action with each
turn. Two forms of RL have been reported in the literature—
implicit imitation learning, which learns from experts’ action
directly, and inverse RL, which learns through inferring
experts’ intention [10]. RL has the potential to be used for
autonomous surgery [9].

Computer vision is about machine discovers and learns
information from videos or images in a way similar to human
beings [11]. Some of the greatest successes of Al applica-
tions in medicine come from computer vision, including
diagnostic pathology, radiology, and autonomous surgery.

Natural language processing is a subfield of Al that
emphasizes building a computer’s ability to parse and com-
prehend human written and spoken language [11]. In health-
care, it is mainly used in digging through electronic health
records.

One advantage of these ML algorithms is their flexibility
to deal with different sources of input (Fig. 2). Recent
advances in surgical technology and electronic healthcare
databases have been generating big volumes, various kinds
of data in the surgical field, including surgical video, audio,

intellectual task
better than human

intellectual task
human can do

General Al Super Al

instrument kinematics, surgeon biometrics, and detailed
patient characteristics [12]. The combination of ML and “big
data” have produced and will continuously produce a huge
impact in medicine.

3 Al in Surgical Candidate Selection

With a large amount of data available from medical imaging
and electronic health records, ML has shown the ability to
aid preoperative surgical candidate selection.

The first application of Al in this field is to facilitate accu-
rate preoperative diagnosis, which could avoid unnecessary
surgery. For example, preoperatively distinguishing benign
renal masses (e.g., oncocytoma and angiomyolipoma) from
renal cell carcinoma can be challenging, yet remaining fun-
damental to treatment choices. Some studies suggest ML
models have appeared to be on par or even better than imag-
ing experts in this area [13, 14]. Feng et al. used quantitative
texture analysis to differentiate small benign lesions (i.e.,
lipid-poor angiomyolipoma) from renal cell carcinoma based
on preoperative CT [15]. The model utilized support vector
machine to establish discriminative classifiers and achieved
an AUC of 0.955 [15]. Nityanand et al. utilized three differ-
ent algorithms, namely random forest, logistic regression,
and support vector machine, to facilitate Bosniak classifica-
tion of cystic renal masses based on CT [16]. All models
achieved moderate sensitivity (0.56-0.67) and high specific-
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ity (0.91-0.93) in distinguishing benign (Bosniak I or II) vs.
potentially malignant lesions (Bosniak IIF, III, or IV) [16].
Furthermore, several studies aimed to identify low Fuhrman
nuclear grade (I and II) from high-Fuhrman nuclear grade
(IIT and IV) renal cell carcinoma preoperatively, in order to
facilitate decision-making between active surveillance vs.
surgery [17, 18]. By unenhanced CT, one study achieved an
AUC of 0.71, while by three-phase CT, another study
achieved an AUC of 0.87 [17, 18].

The second application of Al is to predict surgical mor-
bidity and mortality by preoperative risk factors. For exam-
ple, radical cystectomy is complicated and associated with as
high as 8% postoperative mortality rate [19]. Identifying
appropriate surgical candidates is of huge importance to
decrease surgical mortality. Using an ML model, Klén et al.
identified strong preoperative risk factors for early (<90 days)
postoperative mortality following radical cystectomy and
constructed a user-friendly risk table [20].

Finally, Al can learn from existing data and inform a
patient of management strategies chosen by patients with
similar conditions. Based on the large-scale clinical registry
data, the Michigan Urological Surgery Improvement
Collaborative (MUSIC) group trained an ML algorithm that
can yield individualized treatment options for new prostate
cancer patients [21]. The group created a web-based plat-
form, namely askMUSIC (http://ask.musicurology.com), to
inform patients of the percentage of choices among active
surveillance, radical prostatectomy, radiation therapy, and

e

Outcome prediction

L44%

Surgical education

androgen deprivation therapy made by other prostate cancer
patients with similar demographic and clinicopathologic fea-
tures. In their validation cohort, the AUC of prediction
achieved 0.81. Though the intention of this study is to pro-
vide data-driven information for patients facing difficult
treatment choices, the methodology also has the potential to
be used in the development of Al treatment decision
algorithm.

4 Al in Intelligent Intraoperative
Assistance

Decision-making is an important aspect of a successful sur-
gery. With the advantage of powerful computing ability and
compatibility with a wide range of data sources, Al has the
potential to provide a variety of intelligent assistance to facil-
itate intraoperative decision-making.

Utilizing shortwave Raman spectroscopy data, an Al
algorithm has been trained to differentiate malignant kidney
tumors from normal kidney tissue with high accuracy
(92.5%) under laboratory settings [22]. Since this technol-
ogy does not require any special lighting condition changes
in the operation room, it has the potential to expedite the
process of surgical margin check-in partial nephrectomy and
even replace traditional frozen section pathology [22].

Another aspect Al has been used in intraoperative assis-
tance is to identify surgical anatomy. Altieri et al. annotated
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264 frames from 63 laparoscopic cholecystectomy videos
about where is safe vs. dangerous zones to dissect, and
trained an Al model to identify these regions with an accu-
racy of more than 95% [23]. This technology may eventually
provide intraoperative guidance, especially for surgical train-
ees, and reduce the happening of adverse events [23].
Finally, AT has been used in combination with augmented
reality (AR) to facilitate intraoperative decision-making.
Porpiglia et al. reconstructed preoperative mpMRI into 3D
prostate models and overlay them to da Vinci surgical con-
sole video during RARP, which enabled surgeons to visual-
ize prostate cancer locations directly [24, 25]. Their initial
study has shown the precision of 3D reconstruction and the
ability to accurately identify extracapsular extension loca-
tions, but the image-overlaying process was manually done
during surgery [24, 25]. In a later study, they automated this
process by training a computer vision algorithm to anchor
the virtual 3D models to the live surgical view of the prostate
[26]. The authors noted that this technology could not only
be used in prostate surgery but also in robotic partial nephrec-
tomy, especially for endophytic or posteriorly located tumors
[26]. Although further validation is required, the combina-
tion of Al and 3D AR promises to advance intraoperative
navigation, and help to optimize the balance between onco-
logical control and sexual function preservation [27].

5 Al in Autonomous Surgery

5.1 Autonomy

Similar to autonomous driving, there are different levels of
autonomy in surgical robots. One commonly accepted frame-
work classifies the autonomy of robotic surgery from level 0
(no automation) to level 5 (full automation) [28].

e Level O (no autonomy): The operator is in charge of all
duties, including monitoring, producing performance
alternatives, choosing which option to perform (decision-
making), and carrying out the decision.

e Level 1 (robot assistance): The operator keeps constant
control of the system while the robot assists in certain
ways.

e Level 2 (task autonomy): The operator maintains discrete
control of the system, and the robot can automatically
accomplish specified tasks initiated by the operator.

e Level 3 (conditional autonomy): The surgeon chooses and
approves the surgical plan, and the robot executes the pro-
cedure automatically but under the supervision of a
human surgeon.

e Level 4 (high autonomy): The robot can make decisions on
its own, but only with the help of a competent operator.

e Level 5 (complete automation): No human intervention is
required, and the robot can perform the entire procedure.

In urology, the most commonly used robotic system, the
da Vinci surgical system (Intuitive Surgical Inc., Sunnyvale,
California, USA), is currently at level 1 autonomy (surgeon
assistance), as it assists surgeons with magnified visualiza-
tion, improved dexterity, and mitigated instrument tremors,
but does not automate any tasks [27]. Apart from da Vinci
robotic surgical system, many new robotic systems, such as
Senhance (TransEnterix Surgical Inc., Morrisville, NC,
USA), Versius (Cambridge Medical Robotics Ltd.,
Cambridge, UK), Revo-I (Meere Company Inc., Yongin,
Korea), and KangDuo-Surgical Robot-01 (Suzhou KangDuo
Robot Co., Ltd, Suzhou, China) have been granted approval
for human use in their own countries [29, 30]. Some of these
new systems have more autonomy than the da Vinci system.
For example, Senhance (TransEnterix Surgical Inc.,
Morrisville, NC, USA) uses eye-tracking to automate cam-
era movement, which has been reported helpful for the visual
flow of a procedure [31, 32]. Another newly approved semi-
autonomous transurethral prostate aquablation robot,
Aquablation™ (Procept BioRobotics, Redwood Shores, CA,
USA), expands the application of surgical robots to endou-
rology [33]. Surgeons only need to create a procedural plan
by contouring the tissue to be removed, and then the robot
will autonomously resect tissues with high pressure, non-
heated saline. Studies have shown comparable operation
time and symptom relief to conventional transurethral resec-
tion of the prostate (TURP), but with fewer complication
rates (25.9% vs. 41.5%, p < 0.02) [33]. Besides, this system
is especially useful in patients with large prostate volumes
(80-150 ml), where TURP operated by the surgeon is usu-
ally challenging [34]. This novel system should be deemed
as an example of level 2 autonomy (fask autonomy). Ongoing
studies are mostly exploring the feasibility of level 2 automa-
tion (fask autonomy), in which robots perform repetitive
tasks (e.g., camera positioning and tissue retraction),
enabling surgeons to concentrate more on the critical aspects
of a procedure.

The rapid growth of surgical robots provides a new
opportunity to incorporate Al into the operating room. The
abundant, diverse data derived from surgical robots serve as
nutritious soil to develop, train, and validate Al algorithms.
Al in return, has the unique ability to learn from prior
experience and process new data, which enables a self-
perpetuating cycle, much like how surgeons grow in their
daily practice. To be more specific, computer vision and
reinforcement learning are the most commonly used mod-
els in autonomous surgery—the former one can perceive
the surgical environment and identify surgical planes, and
the latter one can learn surgical techniques from surgeons’
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demonstration or in a trial-and-error manner [9]. A tradi-
tional theory in robot autonomy is the “sense-think-act
paradigm” [28, 35].

5.2 Sense

In current practice, the most important “sense” during robotic
surgery is vision. To achieve autonomous vision, two aspects
need to be addressed—automatic camera positioning and
vision recognition.

Automatic Camera Positioning Wang et al. developed an
auto-tracking algorithm to navigate robotic camera based on
its kinematic relationships with robotic instrument arms
[36]. However, this approach is limited by the requirement of
accurate instrument/camera coordinates, which is difficult to
acquire in some robotic systems. The other way is by video
input. Rivas-Blanco et al. used reinforcement learning to
train a magnet-manipulated camera to automatically navi-
gate based on vision information of instruments movement,
and the system was validated through an in-vivo experiment
in a pig [37]. The drawback of this method is the possible
occlusion of instruments or vision markers during the sur-
gery. To solve this problem, Sun et al. developed a predictive
model based on computer vision to predict instruments’ tra-
jectories in case they are occluded by blood [38]. By the pre-
diction, the robotic camera can automatically adjust to the
appropriate position, thus solving the difficulty of automat-
ing camera navigation when vision is partially occluded
[38]. Another study by Wagner et al. developed a cognitive
camera with learning ability, which can optimize camera
position tailored to the surgeon’s need [39]. The system’s
performance and efficiency improved along with the increase
in experience [39].

Visual Recognition Samiei et al. exploited computer vision
strategies to recognize different anatomical structures during
surgery [40]. By combining Al with their novel molecular
chemical imaging endoscope, which comprises molecular
spectroscopy and digital imaging, the algorithm successfully
discriminated anatomical structures like ureter, lymph node,
blood vessels, and nerve bundles with an AUC >0.90 in live
porcine models [40]. The advantage of their technique is no
need for a contrast agent or special lighting conditions. This
technology has the potential to enhance surgeons’ ability to
differentiate structures, avoid iatrogenic injuries, and enable
autonomous robot vision. Another aspect of visual recogni-
tion is recognizing the position of instruments. Seemingly
easy at first, this task is actually challenging. A recent pixel-
wise instrument segmentation technique, developed by deep
neural network architectures, has shown promise in this

aspect [41]. Another study by Sun et al. further reduced the
computational burden of the algorithm, making it more fea-
sible to perform in real time [42].

53 Think

Trajectory planning is important. After sensing outside sig-
nals, the robot needs to make a reasonable plan about how to
move instruments to achieve the determined task while not
colliding with other instruments or surrounding tissues.
Current research suggests planning trajectory during static
conditions is relatively easy, but planning trajectory in a
dynamic environment can be difficult [43]. To solve this
problem, Baek et al. combined reinforcement learning with a
probabilistic roadmap [44]. Taking advantage of reinforce-
ment learning’s ability to deal with uncertainty, the algorithm
achieved collision-free pathway planning in real time to
automate dissection tasks [44].

54  Act

During the action phase, it is essential for an autonomous
system to control and adjust tissue tension spontaneously.
Thananjeyan et al. used reinforcement learning to optimize
tensioning policies during a pattern cutting task and com-
pared this algorithm with the traditional fixed and analytic
algorithm [45]. They concluded the reinforcement learning
algorithm outperformed the traditional method in both per-
formance and robustness of tension adjustment [45]. Another
group further developed the reinforcement learning algo-
rithm by allowing multipoint grasping, rather than one-point
grasping, which improved the performance and robustness
of the model further [46].

5.5 Training Al Model

Much like training a surgeon, the process of training an Al
requires repetitive practice. As mentioned before, reinforce-
ment learning (RL) is the most commonly used model in
autonomous surgery. The learning process happens through
trial and error, demonstration, or a hybrid of the two
approaches [9]. Shin et al. compared models learning from
experts’ surgical demonstration vs. from trial and error, and
found that experts’ demonstration helped the model learn
faster than purely data-driven, highlighting the profound role
of expert surgeons in the learning process of Al [47]. Another
study from Pedram et al. conjoined these two methods and
found that with an initial selection of simple and intuitive
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features instructed by surgeons, the mixed machine learning
algorithm can be trained successfully in multiple tissue
dynamic circumstances [48]. This synergic learning model
may serve as an efficient tool to lessen the time cost of sur-
geons training Al while still keeping the best performance of
the system.

6 Al in Surgical Outcome Prediction

Outcome prediction is no new thing in the surgical field. By
traditional statistical models (e.g., logistic regression and
Cox regression), multiple prediction nomograms have been
established to estimate patient outcomes [49, 50]. The advan-
tage of Al models is their potential to improve prediction
accuracy, their freedom from strict statistical assumptions,
and their flexibility of data distributions [51]. Due to these
advantages, Al can combine novel intraoperative surgical
data and traditional patient features to predict postoperative
outcomes in a more accurate fashion.

For example, Hung et al. used intraoperative robotic sys-
tem data (e.g., energy usage and camera pedal counts) and
kinematic data (e.g., instruments velocity and wrist articula-
tion), namely automated performance metrics (APMs), to
train an ML model which accurately predicted postoperative
length of hospital stay after RARP [52, 53]. The same group
then utilized APMs combining with patient features to pre-
dict urinary continence recovery after RARP [54]. The pre-
dictive accuracy was moderate, and intriguingly the top ten
predictive features all came from APMs [54]. These results
were further validated in a bi-institutional study [55].
Furthermore, APMs have been reported correlating with
intraoperative outcomes of RAPN, and the next step would
be to predict postoperative outcomes [56]. These studies
highlight the significant impact of surgical performance on
surgical outcomes and indicate the huge potential of Al mod-
els in digging intraoperative data.

Another example is that Soguero-Ruiz et al. used natural
language processing (NLP) to automatically comb through
EMRs (i.e., operative reports and progress notes) to accu-
rately predict anastomotic leak after colorectal resections
[57]. The model achieved a sensitivity of 100% and a speci-
ficity of 72% [57]. This technology could detect the cata-
strophic complication before actually happening, winning
time for effective management.

However, Al also has its limitations. First, it sacrifices the
transparency of the model. Most Al algorithms operate like a
“black box,” which makes humans unable to interpret what is
going on inside the model [58]. Thus, Al has mostly been
used for the prediction of outcomes rather than the inference
of the biological process [51]. Second, overfitting is a con-
cern. Big data increases the chance of confounders, and the
implicit nature of Al models amplifies the chance of “false

positive” findings. Careful preselection of variables should
be carried out to avoid false discovery.

7 Al in Surgical Education

Conventional surgical skill assessment and performance
evaluation are performed manually, which is time-consuming
and prone to observer biases. Al provides an ideal solution to
both problems. Utilizing big data (i.e., video footage and
instrument kinematics) derived from surgery, ML models are
starting to play an important role in novel surgical assess-
ment. However, there are also risks to application in training,
which include data and privacy issues, transparency, biases,
accountability, and liabilities [59].

71 Video Segmentation

Surgical videos have educational value [60]. By reviewing
surgical videos, formative assessment can be provided, sur-
gical techniques can be improved, and patient outcomes can
be enhanced [61]. However, organizing and finding the rele-
vant clip from surgical videos is usually time consuming,
which becomes the main hurdle for routinely utilizing videos
to improve surgical techniques [62].

ML has the potential to reduce the time cost of surgical
video review by automatically segmenting and identifying
critical steps [63]. For example, Zia et al. applied a machine-
learning model to automate the segmentation of RARP into
12 surgical steps [64]. Compared with expert annotations,
the model correctly annotated most RARP steps with less
than 200 s error [64].

Khalid et al. utilized an ML model to classify surgical
tasks of JHU-ISI Gesture and Skill Assessment Working Set
(JIGSAWS), which comprises da Vinci robotic suturing,
knot-tying, and needle-passing tasks on a bench-top model
[65]. The model achieved highly accurate results (precision
91% and recall 94%) [65]. Using the same dataset, Wang and
Majewicz Fey predicted the surgical task type with similar
accuracy [66]. However, their ML approach only requires
1-3 s for data interpretation, making it especially useful for
active summative feedback.

Al has even been shown to be able to recognize the most
basic movements in surgery at the gesture level. Luongo
et al. trained deep-learning-based computer vision algo-
rithms to identify different dissection gestures with an AUC
of 0.87 [67].

A more recent study used computer vision to identify
important clinical clips of surgery. Mascagni et al. trained an
algorithm based on an expert annotated critical safety view
of laparoscopic cholecystectomy to automatically locate
important video clips with 91% accuracy [68].
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Overall, using the ML method to segment surgical videos
may drive the workflow toward standardization, efficiency,
and objectiveness.

7.2 Automated Surgical Skills Assessment
Surgical data usually has three layers: kinematics, video
footage, and surgeons’ biometrics. Studies have been using
Al models to analyze these data aiming to quantify
expertise.

Instrument kinematic metrics generally measure instru-
ment motion such as traveling distance, moving velocity,
acceleration/deceleration, Endowrist® articulation, and jerk
(a derivative of acceleration with respect to time) [69, 70]. In
laboratory settings, Fard et al. used ML analysis of raw kine-
matic tool movements in JIGSAWS to predict expertise with
>90% accuracy [71]. In clinical settings, Hung et al. showed
that expert surgeons performed significantly better than nov-
ices during RARP in nearly all these metrics (e.g., shorter
instrument path length, less time, and faster velocity) [53].
Utilizing ML models, the group re-ranked eight surgeons
based on the most important kinematic metrics and found the
new ranking correlated with continence-recovery better than
the ranking by surgeon experience [54]. Chen et al. utilized
kinematic metrics at stitch and sub-stitch levels to predict
expertise [72]. They found that sub-stitch metrics could bet-
ter distinguish experts from novices [72].

With the development of minimal invasive surgery,
surgical videos have become easily accessible. Using Al to
analyze surgical videos can be an effective way of surgical
assessment. Baghdadi et al. automated the assessment of pel-
vic lymph node dissection by computer vision algorithms
[73]. Their model achieved an accuracy of 83.3% compared
to the scores experts gave [73]. In an intriguing study, Jin
et al. extracted instrument kinematic metrics from surgical
video [74]. They first detected the instrument by leveraging
region-based convolutional neural networks in real-world
laparoscopic surgical videos, and then successfully extracted
instrument movement ranges and economy of motion. They
finally inspected the relationship of these extracted metrics
with surgical quality scores given by experts and found
apparent associations between them [74].

Another approach to assessing surgeon proficiency is by
biometrics, which represents the internal responses of sur-
geons. Al has shown promise in this field.

Richstone et al. recorded surgeons’ eye data during sur-
gery, including eye movement, blinking, fixation and sac-
cade, and pupil size change during simulation tasks and renal
surgery, and then utilized linear discriminate analysis and
nonlinear network analyses to distinguish experts from nov-
ice surgeons [75]. In the simulated surgical setting, the mod-
els achieved an accuracy of >90%; while in the live operating

room setting, the accuracy was >80% [75]. Another study by
Koskinen et al. found that by pupil diameter change alone on
a suture level, the ML model support vector machine classi-
fier can distinguish expertise with 75% accuracy, while add-
ing blinking rate and further segmenting the eye data into
sub-suture granularity failed to improve prediction accuracy
[76].

7.3 Automated Training Feedback

Studies using Al to provide useful real-time feedback are
still in the infancy state, represented by the exploratory
nature of most research. Opportunities to change the status
quo lie in this field and are waiting for researchers to explore.
Fawaz et al. developed a new model based on convolutional
neural network to classify surgical skills by extracting latent
patterns in the trainees’ motions performed during robotic
surgery [77]. The novelty of this model is that it utilized a
technique called class activation map, which can pinpoint
which parts of the surgery determined the predictive results
most, thus allowing trainees to understand where to focus
practicing on [77].

8 Challenges and Future Directions

Despite the promise of machine learning, there are still for-
midable obstacles and limitations [59].

Data and Privacy ML models usually need a large amount
of data for initial training, ongoing validation, and further
improvement. This amount of data may need to be shared
across multiple institutions and potentially across the nation.
Data privacy is a big concern during this process, especially
if compromised by a cyber-attack [78]. Issues related to data
privacy need to be addressed with hospitals having agreed
protocols that follow rules and guidance established by the
Data Protection Officer for surgeons and patients. Data can
be improved by collecting data in a standardized way
(Table 1). In robotic surgical training, this can be achieved
with standardized robotic curricula, train-the-trainer courses,
and agreed metrics that define surgical training at a granular
level that can be aligned with telemetry data and more easily
interpreted in computer vision analysis [53, 79-81].

Transparency and Reproducibility The accuracy of
supervised ML models highly relies on labels annotated by
humans. Thus, transparency of how the model was trained is
important for others to critically evaluate the model [82].
Besides, most ML algorithms operate like a “black box,”
lacking transparency like traditional statistical models,
which means if anything goes off, humans may not be able to
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Table 1 General guidelines for anonymizing data to protect privacy
(adapted from Collins et al. [59])

How to anonymize data to safeguard privacy?

. Data deidentification is a shared duty for everyone who works
with it.

2. The data protection officer (DPO) is in charge of all data
protection compliance issues.

. All data that is to be gathered, approved, and maintained in
accordance with the organization’s data protection office’s
requirements.

4. A DPO’s tasks include:

¢ Informing and counseling organizations on their data protection
duties.

» Monitoring compliance with the legislation and related policies,
as well as personnel knowledge and training.

¢ Providing procedures, guidance, and advice to support this
policy, such as for Data Protection Impact Assessments (DPIAs).

* Assisting the Information Commissioner’s Office as the
organization’s initial point of contact (ICO).

» Handling third-party subject access requests and official requests
for personal data.

* Losses and unlawful disclosures of personal data are being
investigated.

5. Organizational accountability is required under GDPR to

implement the following measures:

» Governance issues on a broad scale.

* Impact assessments on privacy.

* By design, there are privacy safeguards.

6. Legality: Data processing must be done for a specified reason that

the user has agreed to, and it must match how it is described.

7. Reason limitations: Data will only be used for a specific purpose

that the user has given clear agreement to.

8. Data minimization: Think about what data you have and why

you have it. Capture only the information you require.

9. Data accuracy: Ensure that the data is correct, and that it is kept
in a fashion that allows the user to change or delete it (securely).
10. Limitations on storage: Data that is no longer needed should be

deleted. To safeguard users’ identities, data should be
pseudonymized if maintained for longer than necessary.

11. Integrity: Processors must secure user data from unauthorized

access or loss. Encryption of user data and privacy by default
design is ideal.

—

(98]

explain why. Transparency and reproducibility will be aided
by the adoption of standardized performance metrics for key
index procedures. To achieve this, metrics will need to be
open source and culminated together in data registries in
established robotic surgery networks [83]. The development
of research networks that share open-source material is
already established in areas of healthcare such as diagnostic
imaging [84].

Bias and Inequality It has been reported that Al technolo-
gies have the potential for algorithmic bias and may bring
medical inequality by reinforcing discriminatory practices
based on race, sex, or other features. Transparency of train-
ing data and of model interpretability would enable evalua-
tion for potential biases. Machine learning could be a solution
to resolve recognized biases [85]. A recent Delphi consensus

view concluded that Al could avoid certain biases that may
occur in human assessments, but maybe worse in other areas.
Among the Delphi panelist, there was 100% consensus that
both confirmation bias and interpretation bias would be bet-
ter or at least the same with AI. Whereas there was concern
that both prediction bias and information bias could be worse
or equivalent with AI [59].

Accountability and Liability If a patient suffers from an
adverse event due to Al-based technology, it is not presently
clear who would be responsible. With the utilization of Al
algorithms to facilitate medical diagnosis, treatment strategy,
and even operational procedures, the responsibility will shift
from the physician mainly to a shared liability among the
physician, the vendor providing the software, the developer
who built the algorithm, and even the source for the training
data [86].

The implementation of Al into medicine, or specifically
the surgical field, is not simply a technical question but a
multidimensional question that must involve a multidisci-
plinary team to solve. For the surgeon, the ideal role is to be
a critical link between patients, data scientists, and regula-
tors. After all, no one knows better than a physician what a
patient needs and what technology may benefit them
eventually.

9 Conclusions

The intersection of Al and surgery is a swiftly evolving field,
harboring the potential to optimize surgical safety and qual-
ity. Predictive machine learning models have been used for
preoperative surgical patient selection, intraoperative intelli-
gent assistance, and postoperative outcome prediction.
Reinforcement learning empowers surgical robots to learn
procedures autonomously through expert demonstrations,
trial-and-error, or a hybrid of these two approaches, which is
extremely useful in autonomous surgery design. Various
studies have used Al models to provide objective and effi-
cient surgical assessment, with the fundamental goal of pro-
viding timely and meaningful surgical feedback. With the
rapid development of computer science and surgical tech-
niques, the story of applying Al in the surgical field has just
begun.
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Robotic Simple Prostatectomy
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and Ashok K. Hemal

1 Background

Management of bladder outlet obstruction (BOO) secondary
to benign prostatic hyperplasia (BPH) is dependent on the
degree of lower urinary tract symptoms (LUTS). Oftentimes,
medical management is prescribed initially. As LUTS prog-
ress and become more severe, dual therapy with a combina-
tion alpha-blocker and a 5-alpha reductase inhibitor is
recommended based on the findings of the Medical Therapy
of Prostate Symptoms (MTOPS) trial [1]. Surgery, however,
can be considered initially and is recommended in patients
with renal insufficiency due to BPH, catheter dependence,
recurrent urinary tract infections, recurrent gross hematuria,
or cystolithiasis [2]. There is a multitude of surgical options
ranging from minimally invasive surgical therapies (MIST)
to open or robotic prostate removal. Treatment is not innocu-
ous and can have significant perioperative morbidity [3]. To
assist clinicians in triaging patients to the appropriate surgi-
cal therapy, an amendment to the 2018 AUA Guidelines for
BPH published in 2020 strongly encourages urologists to
rely on prostate size and morphology when determining
treatment [4]. For large prostates (>80 g), laser enucleation
of the prostate or simple prostatectomy remains the only rec-
ommended options. Herein, we will discuss the role of
robotic simple prostatectomy in the management of LUTS
attributed to BPH.

Since the initial publication of laparoscopic simple pros-
tatectomy [5], several studies have cemented the superiority
of the laparoscopic technique over the open approach with
respect to estimated blood loss (EBL), continuous bladder
irrigation (CBI) time, duration of catheterization, and length
of hospital stay (LOS) [6, 7]. Shortly thereafter, the robotic
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technique became popularized [8—10]. Data from a multi-
institutional series of 487 patients undergoing robotic simple
prostatectomy solidified this approach, demonstrating supe-
rior functional outcomes defined by International Prostate
Symptom Score <8 and maximum flow rate >15 with a mini-
mal intraoperative complication rate (3.2%) [11]. A recent
comprehensive review of the literature was performed illus-
trating several nuances in surgical technique over the past
20 years [12]. In this chapter, we will review some of the
more popularized approaches and examine specific surgical
innovations that have contributed to the manner in which we
perform the procedure today.

2 Preoperative Patient Selection

Patients with symptomatic LUTS in enlarged glands (>80 g)
serve as the main indication for performing a simple prosta-
tectomy. An expanded indication can be considered in
patients who require concomitant surgery due to symptom-
atic bladder diverticula, inguinal hernia repair, cystolithot-
omy, or other pelvic pathology. A thorough patient history
and examination is integral due to the inherent risk of pros-
tate cancer, especially in elderly patient. If required, we rou-
tinely perform prostate biopsy in a risk-stratified manner
employing shared decision-making with both provider and
patient input. Usually, these patients are referred to with
appropriate imaging studies. CT Urogram is indicated in
patients with a history of hematuria, stone disease, or recur-
rent UTL. Select patients can undergo multi-parametric MRI
to further stratify the risk of prostate cancer.
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3 Patient Positioning and Port 4 Surgical Technique

Placement (Standard Transperitoneal

Approach) A multitude of techniques and approaches have been

Patients are routinely positioned in dorsal lithotomy and
arms tucked with care to pad all pressure points. Alternatively,
patients can be placed in supine position with the robot (Xi®)
docked perpendicularly. The operating table is tilted in
Trendelenburg position to about 25-28°. Side-docking can
also be utilized with the patient in supine position. For
patients undergoing a multi- or single-port extra-peritoneal
technique, the Trendelenburg position is not necessary.

Port placement [13] is similar to robotic radical prostatec-
tomy which includes a central camera port (above or below
the umbilicus), flanking robotic trocars with an additional
left robotic trocar approximately 3—4 cm cranial to the ante-
rior superior iliac spine (ASIS). A 12-mm and 5-mm assis-
tant port are placed 3—4 cm above the right ASIS and lateral
and cranial to the camera port, respectively (Fig. 1). For
patients undergoing an extra-peritoneal multi-port approach,
a 2-3 cm periumbilical incision is made and dissection is
carried to the posterior rectus sheath. A balloon dilator is
then utilized and under direct visualization, the space of
Retzius is developed. Port placement can be done under
direct vision in a similar template as above. For single-port,
a similar incision is made as the extra-peritoneal approach;
however, the bladder is incised and the robot is docked in a
trans-vesical manner [14].

Instruments that are required for this case include mono-
polar scissors, Maryland bipolar forceps, ProGrasp™ for-
ceps, and one of two needle drivers (SutureCut™). If
available, the surgeon may also use a robotic Tenaculum for-
ceps but 0 PDS stay sutures can suffice just as well.

Fig.1 Port placement for

described when performing robotic simple prostatectomy
[12] with no Level I evidence of one technique or approach
showing superiority over another. With respect to approach,
the first step in the decision tree (Fig. 2) is to decide if the
surgery will be performed in an extraperitoneal or transperi-
toneal approach. The extraperitoneal approach may be pre-
ferred in patients with a hostile abdomen due to significant
prior surgical history. Although the dissection fo the adenoma
may differ, the technique of dissecting and extracting the
adenoma is similar.

4.1 Transperitoneal
Bladder mobilization is initiated by incising medial to the
medial umbilical ligaments and the space of Retzius is
exposed. The dissection is carried until the peri-prostatic fat
is visualized. The fat overlying the prostate is dissected off
the prostate exposing the superficial venous complex which
is ligated. There is no need to do any further apical dissec-
tion, ligate the dorsal venous complex or incise the endopel-
vic fascia as is commonly done in radical prostatectomy. At
this point, an incision can either be made at the prostatic cap-
sule, bladder neck, or 1-2 cm proximal to the bladder neck
depending on surgeon preference (Fig. 3). Typically, for sig-
nificant intravesical protrusion, a greater visualization of the
bladder is required and therefore a more generous, proximal
bladder neck incision should be made.

Inevitably, at this step, surgeons can encounter a median
lobe. Elevation of the median lobe using stay sutures allows
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Fig.2 Decision tree algorithm for approach to robotic simple prostatectomy. A multitude of approaches can be adopted when performing robotic
simple prostatectomy dependent on concomitant pathology, prostate morphology, and patient characteristics

Fig.3 Prostatic incision vs. bladder neck incision vs. proximal bladder
neck incision. Black-dotted line: Prostatic capsule incision. Red-dotted
line: Bladder neck incision. Blue-dotted line: Proximal bladder neck
incision

identification of the trigone and clear visualization of the
bilateral ureteral orifices. It also permits identification of
the posterior bladder wall mucosa and overlying median
lobe or intravesical protrusion (Fig. 4). After making an
incision on the bladder mucosa the shiny, white adenoma is
visualized and the posterior plane established (Fig. 5). This
plane is developed with a combination of both sharp and
blunt dissection utilizing cautery where needed. Posterior
dissection is completed at the level of the anatomic capsule
and then lateral and anterolateral dissection may ensue.
However, more practically, toggling between posterior, lat-
eral, and anterior dissection is routinely done, especially in
large glands with limited working space. The EndoWrist®
instruments facilitate this dissection by maintaining the
various angles of the anatomic capsule. Focal coagulation

Fig. 4 Incision overlying the posterior bladder wall. An incision is
made approximately second/third anterior from the posterior bladder
neck on the mucosal overlying the median lobe

can assist with hemostasis and following the correct plane.
Continuous application of sequential stay sutures or manip-
ulation with a robotic Tenaculum forceps is needed to facil-
itate dissection.

When approaching the distal prostatic urethra, first ensure
the foley catheter is advanced. The assistant should grab the
prostatic capsule anteriorly while the third arm is retracting
the prostate cranially. The urethra can be seen by incising the
distal most aspect of the anterior commissure. The urethra
can then be divided sharply at the apex, freeing the specimen
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Fig.5 Adenoma plane. The adenoma plane is readily visible after inci-
sion into the bladder mucosa. Adenoma is encountered after the inci-
sion is made and is characterized by white shiny tissue

from the capsule of the prostate. The specimen can be placed
in a retrieval bag or alternatively taken out piece-meal to
avoid a large extraction incision.

After removal of the adenoma, the potential space should
be inspected to ensure adequate hemostasis. This may be
achieved by using focal bipolar cautery or running sutures. A
complete circumferential anastomosis is preferred [9] using
3—-0 barbed suture in a running fashion similar to the vesico-
urethral anastomosis in radical robotic prostatectomy. The
surgeon should take particular attention to identifying the
effluxing ureteral orifice so as not to injure these vital struc-
tures. Often with this technique, there is no need for a 3-way
catheter and continuous bladder irrigation. The urethral cath-
eter should remain for a minimum of 3-5 days.

4.2 Transvesical

The transperitoneal, transvesical approach is ideal for
patients who need concomitant diverticulum surgery (espe-
cially posteriorly located) or in patients with multiple blad-
der stones (Fig. 6). This approach allows facile identification
of the additional pathology.

A generous, longitudinal incision is made in the posterior
bladder exposing the Foley catheter and bladder mucosa
(Fig. 7). Stay sutures are used to maintain exposure to the
prostate (Fig. 8). The prostate is identified and the mucosa
overlying the prostate is incised. The remainder of the opera-
tion is identical to the technique described above. Closure of
the bladder is done in 2 layers. CBI is not necessary and the
catheter should remain for about 5-7 days.

Fig. 6 Concomitant pathology during robotic simple prostatectomy.
Stones are removed from the bladder and placed into a specimen
retrieval bag

Fig. 7 Longitudinal incision on the wall of the bladder. A longitudinal
incision is made on the bladder exposing the foley catheter balloon and
prostate

4.3 Extraperitoneal
The extraperitoneal approach is ideal in patients who have
had prior surgery and the concern for scar tissue is high.
Disadvantages of this approach are limited working space
and significant difficulty in establishing the proper plane in
patients with history of laparoscopic inguinal hernia repair
with mesh.

A 2-3 cm infraumbilical incision is made exposing the
posterior rectus sheath. Next, a balloon dilator is used to
develop the space of Retzius. Ports can be placed in a similar



Robotic Simple Prostatectomy

97

Fig.8 Use of stay sutures on bladder. Stay sutures are used to maintain
exposure to the prostate during robotic simple prostatectomy

template with similar spacing as the intraperitoneal approach.
After developing this space, the prostate is readily identified
and an incision on the prostate or bladder neck can be made.
Technique of removing the adenoma is similar to the above.

5 Commentary

Several alternatives have supplanted transurethral resection
of the prostate secondary to the minimal perioperative mor-
bidity profile of these newer treatments. However, as the
prostate gland approaches 80 g, the AUA guidelines propose
simple prostatectomy or enucleation as the preferred man-
agement strategy [4]. A relatively higher perioperative mor-
bidity profile has made open simple prostatectomy less
favorable [15], paving way for the minimally invasive robotic
approach.

The initial technique of laparoscopic simple prostatec-
tomy was published in 2002 [5]; however, estimated blood
loss was 800 ml while operative time was approximately
225 min. When examining this technique over a follow-up of
6 years and 60 patients, estimated blood loss decreased to
331 ml with a mean operative time of 138 min [16]. Despite
a superior perioperative complication profile, operative time
remained high. The laparoscopic approach remained chal-
lenging due to a narrow operative field in the pelvis, diffi-
culty in intracorporeal suturing, and limited ergonomics of
laparoscopic instruments [10].

The robotic approach has largely supplanted the laparo-
scopic approach by overcoming these challenges. Improved
dexterity and ergonomics of robotic instruments make the
procedure technically easier for the surgeon. After being first
described in a series of 7 patients in 2008 [8], the robotic
approach was adapted to larger [17] and more complex cases

[10]. Adoption of the robotic platform outpaced the laparo-
scopic approach by almost a 3:1 from 2012 to 2014 [11]. A
key technical advance to robotic simple prostatectomy was
the introduction of the urethro-vesical anastomosis. Both
incomplete [18] and 360° [9] complete urethro-vesical anas-
tomosis have been described. Both approaches minimize the
need for continuous bladder irrigation hastening postopera-
tive recovery while decreasing the length of stay [10].

A recent multi-institutional study reported functional out-
comes and complication profiles of 1330 minimally invasive
robotic simple prostatectomies, finding a median improve-
ment in IPSS of 19 (23 — 4) and a median improvement in
Qmax of 17 ml/s (5 ml/s — 22 ml/s) [11]. The 90-day peri-
operative complication rate was exceedingly low with 1.3%
of patients experiencing a Grade 3 or higher complication.

5.1 Concomitant Pelvic Pathologies

Robotic simple prostatectomy can be a highly versatile oper-
ation as it can treat a variety of pelvic pathologies concomi-
tantly. In a series of 20 patients undergoing robotic simple
prostatectomy [10], the authors performed 6 concomitant
procedures: inguinal hernia repair in two patients, cystoli-
thotomy in three patients, and bladder diverticulectomy in
one patient. The feasibility of performing adjunctive proce-
dures at the same time of robotic simple prostatectomy is
highly conducive. In fact, the robotic approach is preferential
in these circumstances compared to a transurethral approach.
In a large National Inpatient Sample (2002-2012) database
consisting of 35,171 patients, bladder diverticulum was
found in 5% of patients and 17% of patients underwent con-
comitant cystolithotomy [19]. In a series of 65 patients
undergoing robotic bladder diverticulectomy, 4 patients suc-
cessfully underwent concomitant robotic simple prostatec-
tomy [20]. For these cases, a transvesical approach and
identification of the diverticular neck or incision into the
diverticulum itself [21] may be preferred. For diverticula
located adjacent to the ureteral orifice, a double J stent is
placed to minimize the risk of ureteral injury.

5.2 Prostate Adenocarcinoma

Active surveillance is the mainstay therapeutic management
strategy for low-risk adenocarcinoma of the prostate.
Typically, LUTS can be managed by medical therapy.
However, in cases where LUTS persists despite maximal
medical therapy, a therapeutic dilemma exists with respect to
the patient’s diagnosis of cancer: radical prostatectomy may
incur unwanted side effects of urinary incontinence and/or
erectile dysfunction and endoscopic enucleation techniques
result in higher postoperative PSA compared to patients
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without cancer [22] and uncertainty and anxiety of posttreat-
ment PSA follow-up exist [23].

Pathak and Hemal [24] describe a series of 12 patients
who underwent a novel surgical procedure—robotic total
prostatectomy (RTP) to combat the cancer diagnosis and
treat the symptoms from the enlarged gland. The essence of
the surgery is to resect the central, transitional, and periph-
eral zones to the level of the pseudocapsule. Technically,
the procedure varies from simple prostatectomy as the dis-
section occurs at the level anterior to the anterior
Denonvillier’s fascia. This allows preservation of the mus-
culofascial plate, without violation to the seminal vesical
and ampulla of the vas deferens. Final pathology revealed
adenocarcinoma in 11/12 patients (92%) with negative sur-
gical margins. Mean postoperative PSA at 3 months was
0.03 with no patients requiring adjunctive hormonal or
radiotherapy [24].

Moschovas et al. also addressed this conundrum by per-
forming a modified simple prostatectomy in 34 patients with
a full-nerve sparing technique, intrafascial dissection, and
seminal vesical sparing [25]. Fifty percent of the patients
harbored malignancy and AUA symptom score improved in
97% of patients.

5.3 Single-Port Platform Approach

to Simple Prostatectomy

Recently, the da Vinci single-port platform has been used to
popularize the simple prostatectomy operation. A GelPoint™
port is placed directly into the bladder dome. The robot is
docked and the procedure is performed using a transvesical
approach as described above. Kaouk et al. first described this
technique initially in 10 patients. Minimal blood loss and
hospital stay were reported in a series of 10 patients [26].
Advantages of this approach include not requiring steep
Trendelenberg, minimal CO, absorption by maintaining
pneumovesicum, and optimum working space.

5.4 Conclusion

Robotic simple prostatectomy remains a highly efficient and
durable procedure for maximum improvement to a patient’s
voiding symptomatology and should be considered the stan-
dard approach for tackling enlarged prostate glands with or
without concomitant pathology. The postoperative functional
outcomes are excellent with many patients resolving the
need for chronic catheterization. Compared to the open
approach, utilizing the robotic platform has obviated the
need for prolonged length of stay and excessive blood loss.
An important technical advancement is performing a com-

plete urethrovesical anastomosis precluding the need for
continuous bladder irrigation. Moreover, robotic simple
prostatectomy has a minimal learning curve for those sur-
geons proficient in robotics.
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Prostate Cancer Screening and Biopsy
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1 Introduction

Prostate cancer is the most common cancer and the second
most common cause of cancer-related death in the USA [1].
Screening for prostate cancer typically involves clinical digi-
tal rectal examination (DRE) with serum prostate-specific
antigen (PSA). Recent advances in imaging technology have
improved the identification and localization of a potentially
malignant lesion. However, a biopsy is still required to con-
firm and grade the disease.

2 Screening for Prostate Cancer

There is nothing more controversial in the field of urology
than the routine screening for prostate cancer. Due to its rela-
tively high cancer-specific survival rates compared to other
cancers, we question whether we should routinely screen our
patients for prostate cancer. Currently, the most contentious
issue is the overdiagnosis of prostate cancer and the inability
to identify low-grade prostate cancer that will become clini-
cally significant in the future.

2.1 Digital Rectal Examination

A thorough DRE is recommended when prostate cancer is
suspected. It has been a part of the standard screening and is
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currently recommended by most guidelines. The rectal
exam’s sensitivity, specificity, and PPV are 81, 40, and 42%,
respectively [2]. An abnormal DRE indicates a more aggres-
sive disease with possible high-volume prostate cancer. On
secondary analysis of the US cohort, abnormal DRE and
abnormal PSA were independently associated with clinically
significant prostate cancer (csPCa) and prostate cancer-
specific mortality [3].

2.2 Prostrate-Specific Antigen

The use of PSA for prostate cancer screening was described
first by Dr. William Catalona in 1991 [4]. PSA and DRE are
the most commonly used tools for screening prostate cancer.
Though a serum PSA cutoff of 4 ng/ml is used universally by
physicians to recommend a prostate biopsy, about 15% of
malignancy occurs below this cutoff [5]. Many derivatives
and complex calculations based on PSA have been studied to
complement PSA to better risk-stratify patients. These
include free: total PSA ratio (F/T ratio), PSA density
(PSAD), PSA velocity (PSAV), complex PSA (cPSA), etc.
Of note is the PSAD, which has been increasingly adopted in
deciding when patients need a biopsy. Traditionally, 0.15 ng/
ml® has been used as a cutoff to predict clinically significant
prostate cancer. However, many reports suggest that this
value should be lowered and that one should consider biopsy
even when PSAD is lower than 0.15 ng/ml3, especially in
small prostates [6, 7].

23 Free to Total Ratio

There are two forms of PSA which include a free and a com-
plex form. The PSA produced by prostate cancer cells is
mainly in the complex form wherein it is bound to serum
proteins such as alphal antichymotrypsin, alpha2 macro-
globulin, and alphal protease inhibitor. A free to total PSA
ratio (F/T ratio) less than 25% may indicate malignancy and
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can prevent about 20% of unnecessary prostate biopsies [8].
In a recent series, an F/T ratio of less than 15% may have
higher predictive accuracy [9].

24 Prostate Cancer Antigen 3

Prostate cancer antigen 3 (PCA3) is a gene that is highly
expressed in prostate cancer patients. Measuring PCA3 in
urine is being used increasingly to evaluate prostate cancer.
The sensitivity and specificity of urinary PCA3 were 62 and
75%, respectively, at a cutoff of 35 [27-29]. Patients with the
BRCA mutation may have elevated PCA3 in urine even in
the absence of prostate cancer [10].

25 4K Test
The 4K test involves a nomogram developed by combining
the values of total PSA, free PSA, intact PSA, and human
kallikrein 2 (tPSA, fPSA, iPSA, and hk2) in serum, along
with DRE, prior biopsies, and age to predict the probability
of prostate cancer. The 4K test can predict aggressive fea-
tures such as an extension of cancer outside the gland, tumor
volumes >0.5 cm?, or any Gleason grade >4 prostate cancer.
The area under curve (AUC) of the 4K test is >0.80 [11] 4
[12]. The 4K test can reduce the number of biopsies by
30-58% and at a cutoff of 7.5%. It only misses clinically
significant prostate cancer in 1.3-4.7% of patients [13].

Table 1 enlists other miscellaneous commercially avail-
able biomarkers.

In summary, PSA with DRE is commonly used for
prostate cancer screening. However, the largest unan-

Table 1 Commercially available miscellaneous biomarkers

Biomarkers Type of biomarker
Genome-based markers—3.4-kB
mitochondrial genome deletion (3.4

mtD)

Prostate core mitomic test

ConfirmMDx Epigenome-based marker—GSTP1,
APC, and RASSF1

SelectMDx Transcriptome-based markers—
mRNA expression of HOXC6 and
DLX1

Progensa Transcriptome-based markers—

PCA3: noncoding mRNA on
chromosome 9q21-22
Third-generation assays calculate
PCA3 score (ratio of PCA3 mRNA to
PSA mRNA)

DRE digital rectal exam, NPV negative predictive value

swered question is at what PSA cutoff should one biopsy
the prostate. Prostate cancer can be present even in PSAs
as low as 0.1 ng/ml [22, 23]. For this, PSA density is the
most useful. An F/T PSA may add some value to a PSA,
but, in the current setting of biomarkers and MRI, it has
little added value. PSA velocity has been shown to increase
the number of negative or indolent biopsies performed.
Judicious use of these PSA derivatives and newer tests
such as the 4K may be used to predict clinically significant
prostate cancer. Many risk calculators are available, utiliz-
ing these tests that can predict clinically significant pros-
tate cancer. However, these calculators are not widely used
yet clinically [24, 25].

3 Biopsy of the Prostate Cancer

Biopsy of the prostate has been a part of clinical practice
since the beginning of the twentieth century. At first, prostate
biopsies were performed using the open perineal technique
in 1926. However, given its invasiveness and the morbidity,
the procedure never gained widespread acceptance [26]. In
1930, this technique was modified, and transperineal needle
aspiration, or punch biopsy, was introduced. However, given
the small amount of tissue recovered, it lacked the diagnostic
potential and thus, too, was abandoned [27]. In 1937 when a
finger-guided transrectal prostate biopsy was described, this
became the standard of care and remained so for the next 5
decades [28]. In 1974, Watanabe et al. were the first to image
the prostate via the transrectal ultrasound, and the develop-
ment of an attachable biopsy needle guide allowed the pos-
sibility of transrectal ultrasound-guided prostate biopsy in
the 1980s [29].

Comments
Sensitivity—=84%, Specificity—54%,
NPV—91% [14]

Specimen collected
Prostate biopsy

Prostate biopsy On repeat biopsy ConfirmMDx [15]

* Sensitivity—74.1%

* Specificity—60.0%

* NPV—88-90%

The NPV to detect csPCa of SelectMDx is
95% [16]

SelectMDx test avoids unnecessary biopsies
in 38% (biopsy-naive) [17]

Misses only 10% high-grade PCa [17]

Uses of Progensa [18-21]

* AUC: 0.66-0.69.

* Combined with other predictive factors for
PCa at biopsy, AUC: 0.71-0.75

* Cutoff scores of 20-35 have been suggested
for optimal accuracy

Urine following DRE

Urine following DRE
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3.1 TRUS-Guided Prostate Biopsy

Over the years, several advances in ultrasound imaging tech-
nology and the biopsy technique made transrectal ultrasound-
guided prostate biopsy the procedure of choice to diagnose
prostate cancer. The appearance of the malignant prostate
lesion on a TRUS could be hypoechoic, isoechoic, or hyper-
echoic, none of which are pathognomonic.

3.1.1 Pre-operative Preparation

Once a decision to biopsy has been made, significant coagu-
lopathy, severe immune suppression, and acute prostatitis,
which are the contraindications to prostate biopsy, must be
ruled out. Patients should be counseled regarding the risks
and benefits of the procedure and briefed about the possible
complications.

3.1.2 Prostate Biopsy and Anticoagulation

All prescribed medications must be reviewed with a particu-
lar focus on anticoagulant/antiplatelet therapy such as aspi-
rin, warfarin, and clopidogrel and novel oral anticoagulants
such as dabigatran, rivaroxaban, and apixaban. It is impera-
tive to assess the underlying cause for which anticoagulants/
antiplatelets are prescribed and the risk of thrombotic events.
A detailed consultation with the treating interventionist/car-
diologist can help assess the risk—benefit ratio in patients on
long-term anticoagulants/antiplatelets, and an individualized
approach is preferred. In a patient with a low risk of throm-
bosis, discontinuation of anticoagulants/antiplatelets may be
considered, whereas those at high risk of thrombosis must be
bridged [30].

For patients at low risk of thrombotic events, the antico-
agulants/antiplatelets can be safely discontinued without an
increased risk of bleeding complications. It is common prac-
tice to discontinue aspirin for 5 days and warfarin and clopi-
dogrel for 7-10 days before biopsy, and use can be restarted
as soon as 12-24 h after biopsy, balancing the risk of bleed-
ing and thrombosis. A large body of evidence suggests low-
dose aspirin can be safely continued in patients undergoing
prostate biopsy without an increase in moderate or severe
hematuria, rectal bleed, or hematospermia [31, 32]. However,
patients on aspirin are 1.36 times more likely to have mild
hematuria, which tends to last longer than in patients who
discontinue aspirin [31, 32].

There is limited evidence to suggest that individuals at
high risk of thrombosis may undergo prostate biopsy while
on warfarin and maintain the INR in the therapeutic range of
2-3 [33, 34]. However, in clinical practice, the majority of
the patients at high risk of thrombotic events are bridged
with unfractionated or low-molecular-weight heparin [35].

In patients with significant post-biopsy bleeding, it is
preferable to shift the patient to heparin, as none of these
novel oral anticoagulant agents are reversible in action.

Caution is also required in patients with deranged renal func-
tion as these agents are predominantly cleared through kid-
neys, and a longer wait time may be required before these
patients can safely undergo prostate biopsy [36].

3.1.3 Antibiotic Prophylaxis

Infectious complications are the most frequent cause of post-
biopsy hospitalizations and have risen in the past few years
[37]. A recent systematic review and meta-analysis found
that antibiotic prophylaxis significantly reduces the risk of
infectious complications to 5.6%, compared to 11.6%, in the
patients randomized to placebo or no antibiotic prophylaxis
(RR 0.56) [38]. Unlike other lower urinary tract procedures,
antimicrobial prophylaxis is recommended for all patients
undergoing prostate biopsy irrespective of the risk factors.
Fluoroquinolones have been traditionally the antibiotic pro-
phylaxis of choice in this setting. However, overuse and mis-
use have resulted in an increase in fluoroquinolone resistance,
and their use as a prophylactic antibiotic has been suspended
in some European countries. The US FDA has restricted the
use of fluoroquinolones, as they can cause long-term dis-
abling joint problems [39]. Additionally, the increased anti-
biotic resistance for fluoroquinolone is so widespread that
the readmission rates following quinolone use were similar
to no antibiotic use, suggesting increasing antibiotic resis-
tance due to the widespread use of fluoroquinolone [40, 41].
For these reasons, there has been an increase in the use of
either carbapenems/multiple antibiotic combinations or anti-
biotics based on rectal swab culture for prostate biopsy [42,
43]. The AUA also recommends shortening the fluoroquino-
lone prophylaxis to a maximum of 24 h, given the potential
of severe adverse events. First-, second-, or third-generation
cephalosporins and aminoglycoside are recommended alter-
natives. The 2014 AUA update added trimethoprim-
sulfamethoxazole as a prophylactic agent, and the 2021 EAU
guidelines also recommend fosfomycin trometamol as a fea-
sible alternative based on the findings of a recent meta-
analysis [38, 44, 45].

Another method to tackle infectious complications result-
ing from antibiotic resistance is augmented prophylaxis,
where a combination of antibiotics is used as prophylaxis
rather than a single antibiotic. However, indiscriminate use
of multiple broad-spectrum antibiotics is bound to result in
antibiotic resistance and goes against antibiotic stewardship
protocols. In order to overcome these shortcomings, targeted
prophylaxis has been evaluated in patients undergoing a
prostate biopsy, where rectal swabs are taken in patients
being planned for prostate biopsy and cultured. Prophylactic
antibiotics are administered based on the swab culture anti-
biograms. Targeted prophylaxis has been shown to reduce
infectious complications when compared to empirical antibi-
otics and may prevent the development of antibiotic resis-
tance [38, 46].
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Thus, targeted prophylaxis, based on the rectal swab-
directed antibiotics, prescribed for a full 24 h should be the
preferred approach based on the current evidence.
Alternatively, antibiotics such as an aminoglycoside, cepha-
losporin, or fosfomycin trometamol (in regions where fluo-
roquinolones are not licensed) can be an alternative approach
and allow the biopsy to be more spontaneous rather than
planned, as the swab-directed approach requires 48 h for the
antibiogram to be available. Although effective and recom-
mended, augmented prophylaxis contradicts antibiotic stew-
ardship and requires up-to-date knowledge of the local
antimicrobial resistance patterns.

3.1.4 Non-antibiotic Strategies to Reduce
Post-biopsy Infections

Many institutions routinely advise self-administration of a
cleansing enema prior to the biopsy at home. Although this
practice reduces the number of feces in the rectum and pro-
vides a superior acoustic window to image the prostate, it
has not been found to reduce the rates of infectious compli-
cations. The rates of infectious complications or hospital-
ization were similar between those who received cleansing
enemas and those who did not [47]. On-table rectal prepara-
tion can be performed by soaking a piece of gauze in a slurry
made by mixing 15 ml of commercially available 10%
povidone-iodine solution with 5 ml of 1% lidocaine jelly,
which is then inserted into the rectum and left in place for
2 min, prior to its removal and proceeding to biopsy [48].
Some authors also advocate rubbing the anterior rectal wall
with gauze soaked in povidone-iodine rather than simply
inserting it into the rectum to ensure uniform application
[49]. A recent meta-analysis evaluated the use of rectal
povidone-iodine. It found a statistically significant reduc-
tion in the infectious complications in the povidone-iodine
group as compared to the control group (60 infections in
930 men in the povidone-iodine group versus 131 in 1006
men in the control group, RR 0.56) [47]. In the light of these
findings, recent guidelines recommend rectal cleansing with
povidone-iodine prior to transrectal prostate biopsy [45].
Rectal povidone-iodine suppositories placed for 1-2 h or
just before the biopsy have been shown to reduce the infec-
tious complications [50, 51]. The mean number of colony-
forming units in the rectum, as assessed by the rectal swab,
was reduced by 99.9% after the povidone-iodine supposi-
tory [50].

3.2 Biopsy Technique

3.2.1 Equipment

Trans-rectal prostate biopsy is usually performed with a
grayscale trans-rectal ultrasound machine with a 6-10 MHz
probe. The newer machines currently in use at most of the

centers are self-programming to allow for the best possible
imaging of the prostate. They have both end- and side-firing
modes and allow for the simultaneous visualization of the
prostate in the transverse and the sagittal planes. To allow for
adequate coupling, it is common practice to place the lubri-
cant or sonographic jelly between the probe and the condom
covering it and between the condom and the rectal surface.

Biopsies can be performed in the side-firing or end-firing
mode. For the side-firing configuration, advancing the probe
cephalad inside the rectum images the base of the prostate,
whereas withdrawing it images the apex. Imaging the lateral
aspects requires rotating the probe. The clockwise rotation
images the left side of the prostate, whereas the counter-
clockwise rotation visualizes the right lobe. For the end-
firing probe, the anus is utilized as the fulcrum. Angling the
probe toward the scrotum images the base of the prostate,
whereas moving it toward the sacrum visualizes the apex. To
image the lateral aspects, lifting the probe toward the ceiling
images the left lobe of the prostate, whereas taking it down
toward the floor visualizes the right lobe.

Although the side-firing mode is more commonly
employed, a few large retrospective studies found higher
cancer detection rates in patients undergoing biopsy with the
end-firing method than the side-firing method [52, 53].
However, these were refuted by two randomized studies pub-
lished on the topic, both of which did not find a difference in
cancer detection rates among the two configurations [54, 55].
Van der Slot et al. noted higher cancer detection in the end-
firing configuration (52.4% vs. 45.6%, p = 0.066), which did
not reach statistical significance, and the cancer detection
rates at the apex were similar between the two groups [55].
However, they noted longer core lengths could be obtained
by the end-firing configuration as compared to the side-firing
method (151 mm vs. 138 mm), thus suggesting better sam-
pling of the prostate by the end-firing method. Besides can-
cer detection, side-firing probes tend to have a smaller profile
and require rotatory and in-out motion and thus may cause
less pain, as compared to the end-firing probe, which has a
larger tip and requires fulcrum motion at the anal sphincter
[56]. However, with the majority of the probes now having
both the modes built in a single probe, these factors may no
longer play a part.

3.2.2 Patient Positioning and Imaging
the Prostate

The patient is positioned in the left lateral position somewhat
diagonally on the operating table, with the buttocks at the
edge of the table. The knees and hips are flexed at 90 degrees,
and a pillow is placed between the knees to help maintain
this position. Keeping the buttocks at the edge or just beyond
the edge of the table allows for free unobstructed movement
of the ultrasound probe. Occasionally, a right lateral decubi-
tus or a lithotomy position may be required.
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The patient is advised to empty the bladder, and the parts
are prepared and draped. Perianal skin is then inspected for
fissures or other abnormalities, and a digital rectal examina-
tion is performed to evaluate for prostate nodules. With the
attached biopsy guide and covered with a well-lubricated
condom, the ultrasound probe is gently introduced into the
rectum, and the prostate is imaged.

The prostate imaging begins from the base and proceeds
to the apex. The peripheral zone is scanned for the presence
of any hypo- or hyperechoic lesions, which may be suspi-
cious for malignancy. Any nodules felt on the digital rectal
examination are also screened with ultrasonography. The
volume of the prostate is then calculated using the ellipse,
sphere, or the prolate formula.

3.2.3 Anesthesia

Prostate biopsy is usually performed under local anesthesia,
either under pelvic plexus block (PPB) or peri-prostatic
nerve block (PNB), which is usually augmented with intra-
rectal local anesthesia (ILRA) and intra-prostatic local anes-
thesia (IPLA) with or without oral analgesics. Although a
combination of sedoanalgesia with PNB or a low-dose spinal
anesthesia is likely the most effective way to alleviate pros-
tate biopsy-related pain, a potential increase in the medical
cost and the associated additional risk limit their use [57].
Simple intra-rectal instillation of local anesthetic jelly alone
provides inferior analgesia as compared to local prostatic
block and is no longer recommended. Local anesthetic injec-
tion can be performed with a 22G, 25 cm Chiba needle with
5 ml of 2% lidocaine, 2.5 ml on each side of the prostate,
either as a pelvic plexus block (PPB) or a peri-prostatic nerve
block (PNB). For the PPB, the injection is given directly into
the pelvic neurovascular bundle, situated at the tip of seminal
vesicles, on each side. As these bundles are not visualized on
the grayscale ultrasonography, once the tips of the seminal
vesicles are visualized in the parasagittal longitudinal scan,
the color Doppler mode is activated to identify the tiny ves-
sels, and the anesthetic is injected inside the pelvic neurovas-
cular plexus, making sure to aspirate before injection to
avoid intravascular injections [58, 59]. For PNB, a similar
concentration and volume of local anesthetic is injected in an
echogenic triangle containing fat formed by the angle
between the seminal vesicle and the base of the prostate in
the parasagittal longitudinal scan, called as “the Mount
Everest sign” [60, 61]. The PNB can be augmented by add-
ing an apical block, where the local anesthetic is injected into
a small echogenic triangle between the apex of the prostate
and the puborectalis muscle, on either side of the apex [62].
This injection aims to block the sensitive somatic nerves at
the apex of the prostate, which are commonly the most pain-
ful sites during prostate biopsy. Besides the apical block, the
local anesthetic can be injected along the lateral aspects of
the prostate to block the nerves coursing along the prostate or

direct injections into the prostate parenchyma (intra-prostatic
injections) can be made to augment the effects of PNB [63,
64]. A recent meta-analysis has compared the efficacy of
local anesthetic techniques described for trans-rectal prostate
biopsy and concluded that PPB + ILRA provided the best
analgesia under the outpatient settings followed by
PNB + IPLA, PPB, PNB + ILRA, and PNB alone [57].

3.2.4 Biopsy Technique

A 16- or an 18-gauge spring-loaded biopsy gun is used to
take cores of the prostate tissue. The needle is introduced
through the needle guide, and, depending on the configura-
tion, the operator chooses the points to sample. Side-firing
and end-firing modes are different and typically follow the
ruled puncture path. Upon activation, the biopsy gun
advances 0.5 cm and then samples 1.5 cm of tissue with the
tip extending 0.5 cm beyond the sampled area. Thus, the tip
of the needle must be 0.5 cm from the prostate capsule before
activation to sample the peripheral zone adequately.
Otherwise, one may end up sampling more of the transition
zone, missing the most common location of the tumor. Also,
directing the needle path laterally allows sampling the
anterolateral part of the peripheral zone. The ultrasound
probe must be pressed against the rectal wall. This mini-
mizes the discomfort as the needle traverses the rectal
mucosa and may reduce the chances of bleeding. One must
also take care not to move the probe while the biopsy needle
is in contact with rectal mucosa to avoid unnecessary injury
and bleeding (Fig. 1).

3.2.5 Number of Cores

The introduction of sextant biopsy scheme, introduced by
Hodge et al., as compared to finger-guided biopsy of palpa-
ble nodules or ultrasound-guided biopsy of suspicious
lesions significantly increased the cancer detection rates
[65]. The original scheme sampled one core each from the
base, mid gland, and apex, bilaterally, and missed out on the
apical and the lateral regions of the peripheral zone.
Increasing the number of cores from 6 to 12 improved the
cancer detection rates by 31% and reduced the likelihood of
a repeat biopsy by improving the negative predictive value
without increasing the likelihood of detecting insignificant
cancers [66, 67]. However, further increasing the number of
biopsy cores from 12 to 18 or 21 did not have the same effect.
The cancer detection rate did not improve on comparing 18-
or 21-core biopsy schemes with the 12 core biopsies, and
neither did the need for a repeat biopsy [66, 68], but the rate
of detection of insignificant cancers was found to be higher
in the 21-core protocol as compared to the 12-core protocol
[69]. Thus, for the initial biopsy, extended 12-core biopsy
protocol provides acceptable cancer detection rates and neg-
ative predictive value while maintaining a low detection rate
of insignificant cancers.
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Fig. 1 Illustration demonstrating transrectal biopsy of the prostate

The distribution of the 12 cores must be such to ade-
quately sample the apical and the far lateral regions (anterior
horns) of the prostate. Studies evaluating the distribution of
cancer in the anterior prostate in the radical prostatectomy
specimens found the most common cancer site was the mid
gland followed by the apex [70]. The apex is entirely com-
posed of the peripheral zone, and the anterior apex may be
missed if not specifically sampled and is the common site of
missed cancers detected at repeat biopsy [71]. The laterally
directed sampling (far lateral cores) of the peripheral zones
allows for adequate sampling of the anterior horns of the
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peripheral zone and improves the cancer detection rates, as
some cancers may only be detected on these cores [72, 73].
These findings suggest the importance of sampling the apical
and far lateral regions. Regarding the transition zone sam-
pling, although 15-25% of the cancers are located in the
transition zone, only around 2% are exclusively in the transi-
tion zone, and the rest can be picked up cores directed at the
peripheral zone [74, 75]. Specific sampling of the transition
zone at the initial biopsy was not found to improve the can-
cer detection rates or to reduce the need for repeat biopsy and
is not recommended [75, 76].
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Thus, an extended 12-core systematic biopsy that incor-
porates apical and far lateral cores in the template distribu-
tion allows for maximum cancer detection while avoiding
detection of insignificant cancers or the need for a repeat
biopsy is the standard of care.

3.3 Repeat and Saturation Biopsy

A benign biopsy finding in a patient with rising PSA or an
abnormal digital examination is a common clinical dilemma.
Besides, multifocal high-grade prostatic intra-epithelial neo-
plasia or atypical small acinar proliferation on the prior
biopsy may also mandate a repeat biopsy. The most common
site under-sampled in the extended 12-core template is the
anterior apex and should be one of the sites of focus on the
repeat biopsy [77]. The cancer detection rates are known to
fall on each subsequent biopsy. In a cohort of 1051 men with
PSA between 4 and 10 ng/ml, the initial cancer detection rate
on the sextant biopsy was 22%, which reduced to 10%, 5%,
and 4% on the subsequent second, third, and fourth biopsies,
respectively [78]. Given the low rate of cancer detection on
repeated biopsy, a second biopsy may be contemplated in
patients suspected to harbor cancer. However, a third or a
fourth biopsy is not warranted. Low cancer detection rates
combined with improved cancer detection on the initial
extended 12-core biopsy suggest that whenever a repeat
biopsy is planned in a patient with a prior negative biopsy, a
saturation biopsy (>20 cores) should preferably be under-
taken [79]. Repeat saturation biopsies must sample the tran-
sition zone and have been shown to detect cancer in 30% of
the patients [80].

4 Magnetic Resonance Imaging-Guided
Biopsy

Multiparametric magnetic resonance imaging (MP-MRI)
helps to identify lesions of the prostate with reasonable
accuracy. Various studies on MRI-targeted biopsy conclude
that the sensitivity, specificity, a negative predictive value
(NPV), and a positive predictive value (PPV) could be
between 91% and 93%, 36% and 41%, 89% and 92%, and
51% and 52%, respectively [81-83]. There are three types
of MP-MRI-based prostate biopsy, namely, in-bore mag-
netic resonance imaging-targeted biopsy (MRI-TB), MRI
cognitive biopsy (MRI-CB), and MRI fusion biopsy
(MRI-FB). While the MRI cognitive biopsy is the easiest
and the most cost-effective to perform, it may not be as
accurate as the other two modalities. The in-bore MRI-TB,
though it theoretically sounds superior as it uses real-time
MRI imaging to perform the prostate biopsy, has similar
efficacy to the MRI fusion biopsy, which appears to be the

middle ground. The ability to accurately target prostatic
lesions is the main advantage of the MRI-based technique.
However, the data on these techniques in small lesions are
limited and, at best, anecdotal. The exact size of the lesion
below which the MRI-based techniques have a definite
advantage is unknown.

4.1 Multiparametric MRI (MP-MRI)

A combination of high-resolution T2-weighted images
(T2WI), dynamic contrast-enhanced MRI (DCE-MRI), and
diffusion-weighted imaging (DWI) constitutes the
MP-MRI. MP-MRI can be used to evaluate tumors >0.5 cm?
[84-87]. The prostate imaging reporting and data system
(PIRADS) is a scoring system to diagnose prostate cancer
was initially proposed in 2012 by the European Society of
Urogenital Radiology (ESUR) and has been subsequently
revised with the current reiteration being PIRADS v2.1 pub-
lished in 2019 [88, 89]. The current scoring system utilizes
the DWI MRI as the dominant sequence in the peripheral
zone and T2-weighted (T2w) MRI as the dominant sequence
in the transitional zone. The latest version clarifies the spe-
cific use of DCE and b values in DWI, particularly in scores
2 and 3. The changes in T2w are assessed in scores 1 and 2,
defining encapsulated nodules and atypical nodules [89].

Final PIRADS v2.1 assessment categories [89]:

. Very low (clinically significant cancer highly unlikely)
. Low (clinically significant cancer unlikely)

. Intermediate (clinically significant cancer equivocal)

. High (clinically significant cancer likely)

. Very high (clinically significant cancer highly likely)

| N R S R

The detection rates for prostate cancer using PIRADS v2
for PIRADS 3, 4, and 5 lesions were 35%—39%, 60%—72%,
and 91%, respectively. However, the rates of csPCa for
PIRADS 3, 4, and 5 were 17%—-23%, 34%—-49%, and 67%—
77%, respectively [90, 91]. Saturation biopsy could poten-
tially be avoided by using PIRADS 3 or above. Using this as
the cutoff for MRI-TB, 83.8% of the csPCa were diagnosed,
with a false-negative rate of 16.2% [92]. The advantage of
using the standardized PIRADS scoring system is that it has
moderate interobserver reproducibility with a kappa score of
0.55 [93]. MP-MRI has limited sensitivity to prostate carci-
noma (PCa) in the TZ, particularly the presence of concomi-
tant benign prostatic hyperplasia (BPH). This could
potentially lead to an error in interpretation. Additionally, in
DWI sequence, one can easily interpret BPH nodules as
malignant lesions. There are also many benign and premalig-
nant lesions that can mimic prostate cancer, namely, granulo-
matous prostatitis, adenosis, and prostatic intra-epithelial
neoplasia [94].
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4.2 MRI-TB

MRI-TB has a sensitivity, specificity, NPV, and PPV between
91% and 93%, 36% and 41% 89% and 92%, and 51% and
52%, respectively [81, 82, 95]. Compared to the standard
TRUS biopsy, MRI-TB has more sensitivity in identifying
clinically significant prostate cancer (csPca). A combination
increases the yield of the biopsy [96].

MRI-TB approaches:

(a) MRI-CB

The surgeon targets the suspicious spots while doing
a TRUS biopsy by mentally visualizing the lesions based
on prior study of the MRI images. This involves analysis
of images and measurement of various distances by rec-
ognizing various patterns and 3D spatial reasoning.
MRI-CB is superior to the systematic prostate biopsy
especially in anterior and apical tumors [97, 98]. It is
cheap and can be performed with a simple setup and
may be comparable to MRI-FB in expert hands.

(b) MRI-FB

MP-MRI images are superimposed on TRUS images
during the prostate biopsy using commercially available
systems that overlay MP-MRI scans with real-time
ultrasounds. Many systems are available, and they vary
based on registration algorithm, navigation strategy,
real-time tracking systems, and the method of documen-
tation of the needle track [99]. Each system has its mer-
its and demerits. The most common systems for this
purpose include Artemis (Eigen, Grass Valley, California,
USA) (Fig. 2), UroNav (Philips Electronics, Amsterdam,
the Netherlands), and Urostation (Koelis, LaTronche,
France) [100]. Table 2 lists commercially available
devices and the basic differences between them.

With more widespread acceptance of transperineal
biopsy, these systems have been modified to accommo-
date transperineal modules to perform MRI-FB trans-
perineally. The BiopSee system was designed to perform
transperineal biopsy [101]. Major limitations while
using these systems are the added cost and the associ-

Fig.2 OR setup of Eigen Artemis system
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Table 2 Overview of commercially available MRI-based biopsy systems

Fusion

mechanism

Rigid and Elastic Biopsy plan can be stored and used to guide the
registration subsequent biopsy or for subsequent focal treatment
* Elastic Biopsy plan can be stored and used to guide the
registration subsequent biopsy or for subsequent focal treatment

¢ Rigid and elastic
registration

PET/CT can be used for fusion biopsy
Biopsy plan can be stored and used to guide the
subsequent biopsy or for subsequent focal treatment

Device Routes Tracking mechanism
Artemis e Transrectal ¢ Electromagnetic tracking by
e Transperineal  the mechanical arm with no
external trackers
* Rigid motion compensation
Uronav * Transrectal ¢ Electromagnetic tracking
e Transperineal mechanism
Urostation e Transrectal * Organ-based tracking using
e Transperineal 3D TRUS
Biojet * Transperineal e Trackers and angle sensors in
e Transrectal the mechanical arm
Real-time * Transrectal ¢ Electromagnetic tracking
virtual * Transperineal
sonography
LOGIQ 9 e Transrectal ¢ Electromagnetic tracking
* Transperineal
Fusion * Transrectal ¢ Electromagnetic tracking by a
Biopsy.2.0 e Transperineal ~ robotic arm

Virtual navigator

Biopsee

e Transrectal
* Transperineal
* Transperineal

* Electromagnetic two sensors

* Two built-in encoders
tracking the TRUS probe

* A stepper for the transperineal
biopsy

* Rigid Biopsy plan can be stored and used to guide the

registration subsequent biopsy or for subsequent focal treatment

* Rigid Compatible with many other USC modalities like the

registration B-mode, color Doppler, real-time tissue
elastography, and dynamic contrast harmonic
imaging

* Rigid PET/CT can be used for fusion biopsy

registration Automatic motion correction using CIVCO

¢ Rigid and elastic

omniTRAX" a plastic support bracket
Automatic motion compensation

registration

* Rigid PET/CT/MRI/3D ultrasound fusion
registration

* Rigid Limited by only 2 degrees of freedom motion
registration

PET positron emission tomography, CT computer tomography, MRI magnetic resonance imaging

(©)

ated learning needed. These systems also involve coordi-
nation between various specialties, especially the
radiologists, to identify and mark the lesion.

Additionally, one needs to be cognizant throughout
the procedure, as a faulty segmentation of MP-MRI
images and poor registration of the MP-MRI images or
transrectal US images can lead to problems and errors
during targeting. More than one spatially distributed tar-
get may help in overcoming the registration and target-
ing errors [102].
In-Bore MRI Target Biopsy

MR imaging guidance in MRI gantry is used to target
the lesion in real time in this method. This procedure can
be performed using the open/closed MRI system or
either 1.5T/3T MRI systems. The real advantage of
using the in-bore MRI biopsy technique is that it is real
time, and any sequence of MRI imaging can perform the
biopsy. The most popular device is the DynaTRIM, a
portable device used to perform transrectal biopsies
[103]. This device uses an adjustable needle guide with
three degrees of freedom and is fixed underneath the bed
while the patient lies prone. Using the DynaTRIM work-
station, the prostate and lesions are identified, and the
biopsy is performed transrectally.

The learning curve of this procedure is about 25-30
procedures. The procedure takes about 30 min to perform

4.3

and may take an additional 15 min for each extra lesion
[102].

Recently, the use of the biparametric MRI (BP-MRI)
with transverse T2w images and diffusion-weighted
images has been suggested to identify suspicious lesions
for prostate biopsy, as they are the two main sequences
in PIRADS scoring. This cuts down the cost/time to per-
form the procedure and reduces contrast exposure in
these patients. Biparametric MRI has a negative predic-
tive value of 97%, and the only potential drawback is its
inability to differentiate between PIRADS scores 3 and
4 in the peripheral zone due to the lack of dynamic
contrast-enhanced images. The odds of finding csPCa in
PIRADS 3 lesion on BP-MRI are 17% [104].

Transperineal Biopsy

The drawbacks of the transrectal biopsy have led urolo-
gists to explore the transperineal biopsy. The most signifi-
cant advantage of transperineal biopsy is the reduced use
of antibiotics, leading to its increased acceptance by many
clinicians [40]. Fluoroquinolones have been the preferred
antibiotics used in transrectal prostate biopsy. However,
its use has substantial limitations as described above.
Transperineal biopsy is relatively a clean procedure as the
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needle does not pass through the rectum. In a large multi-
centric study, the readmission rates due to infections fol-
lowing transperineal biopsy were zero [105]. Another
advantage of the transperineal biopsy is the increased
detection of cancer by about 10% in the anterior zone of
the prostate [106—108]. The disadvantages of the trans-
perineal biopsy are the increased rates of urinary retention
and the need for general anesthesia [109]. The feasibility
of the prostate biopsy transperineally under local anesthe-
sia has been reported [110-112]. In fact, as per the
Cambridge Prostate Biopsy (CAMPROBE) trial [113],
87% of the patients preferred the transperineal biopsy
under local anesthesia over TRUS biopsy and reported
less pain.

Transperineal biopsy may be technically more sound
than transrectal biopsy, as the needle passes longitudinally
and the biopsy can be confined to the peripheral zone, while
in transrectal biopsy, due to the direction of the needle, the
biopsy needle can hit the central or transitional zone. Like
the TRUS biopsy, transperineal biopsy can also be done
using various MRI-based techniques but requires special
planning software and equipment. The detection rates of
MRI-based transperineal biopsy are similar to template
biopsy [114].

4.4 Cost Implications of MRI-TB [115]

The lowest cost of biopsy is that of using standard TRUS
biopsy under local anesthesia followed by the cost of TRUS
biopsy under sedation, the cost of transperineal template
biopsy under general anesthesia, and MRI-FB under seda-
tion and sedation in-bore prostate biopsy (1 vs. 1.9 vs., 2.5
vs. 2.2, p <0.001). However, the cancer detection rates using
the above techniques were as follows: TRUS—16% vs.
MRI-FB—36% vs. transperineal template biopsy—34%,
p <0.001) [116].

In a separate model-based cost analysis MRI, FB had an
incremental cost-effectiveness ratio of $1470 per quality-
adjusted life-year gained compared to TRUS biopsy [117].
The main drawback is that the cost calculation is based on
input parameters and may not be generalized.

Another suggested cost-cutting measure is to use the
biparametric MRI (BP-MRI) which is cheaper and is just as
cost-effective as the MP-MRI. The main drawback is
BP-MRTI’s inability to correctly classify PIRADS 3 vs.
PIRADS 4 in the peripheral zone due to the lack of DCE
images, hence mandating the need for biopsy of all PIRADS
3 lesions in the peripheral zone. However, with the BP-MRI,
there is a high negative predictive value of 97%, and it takes
only 15 min to perform the exam. One added advantage is
that ADC maps can be generated using computer software
[104]. Another suggested strategy is the use of additional

MP-MRI in PIRADS 3 lesion detected by BP-MRI to avoid
unnecessary biopsies [118-120].

5 Complications

Like any other procedure, prostate biopsy is associated with
a number of complications, although the absolute risk of life-
threatening complications is low. A number of adverse events
such as hematuria, hematospermia, rectal bleeding, urinary
retention, and infectious complications such as urinary tract
infection, epididymitis, prostatitis, and sepsis have been
reported after transrectal prostate biopsy.

5.1 Bleeding

Bleeding-related complications, such as hematuria, hemato-
spermia, or rectal bleeding, are one of the most frequent and
bothersome complications after prostate biopsy. A wide
range of patients, 10-84%, report post-biopsy hematuria
depending upon the definition used, although only a few
(6.2%) report it as a moderate or severe problem [121, 122].
While mild hematuria is common, only a few patients require
catheterization (0.4%) or admission (0.14%) [123, 124]. Few
authors have reported an increased incidence of hematuria
with a higher number of cores sampled, and others have cor-
related it with larger prostate volumes and transition zone
volumes [125, 126]. Hematospermia, similar to hematuria, is
also reported by a wide range of patients 1.1-93%, but unlike
hematuria, a fourth of the men considered this alarming or
concerning [121]. It was found to be associated with anxiety
and reduced sexual activity, and lasts for 2—4 weeks or about
eight ejaculations [121, 127]. Age, prostate volume, prior
transurethral resection of the prostate, and the number of
cores were the risk factors associated with hematospermia
[121, 126, 128]. The incidence of rectal bleeding varies
between 1.3% and 45% and is usually perceived as minor
and of little consequence, with major life-threatening rectal
bleeding being uncommon [121].

5.2 Post-biopsy Infection

Most infectious complications after prostate biopsy are lim-
ited to symptomatic urinary tract infection or low-grade
febrile illness, not requiring hospitalization. However, infec-
tious complications are the most common cause of post-
biopsy hospital admissions, and an increased incidence has
been reported recently [37]. In a multinational, multicenter
study, the incidence of febrile UTI was 3.5%, and 3.1%
required hospitalization [129]. The recent rise in infectious
complications has been attributed mainly to fluoroquinolone
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resistance [130]. Non-white race, comorbidities, especially
diabetes, foreign travel, catheter presence, recent antibiotic
use, especially fluoroquinolone, recent hospitalization, and a
positive pre-biopsy urine culture have been suggested as the
risk factors for infectious complications [121]. Various anti-
biotic prophylaxis and non-antibiotic prophylaxis strategies
to reduce these infectious complications have been detailed
above. Targeted prophylaxis is a suitable option in areas with
high fluoroquinolone resistance or patients at high risk for
post-biopsy infections. It is shown to be effective in prevent-
ing life-threatening complications and follows the general
principles of antibiotic stewardship, unlike the augmented
prophylaxis. Initially, there were particular concerns about
the cost-effectiveness of this approach, given the additional
cultures and alternative antibiotics required and the low
overall incidence of post-biopsy infectious complications.
Also, not all patients with fluoroquinolone-resistant E. coli
on rectal swab cultures developed post-biopsy infections
[131]. However, recent studies have shown the efficacy and
cost-effectiveness of targeted prophylaxis [132, 133]. In a
study by Li et al., by reducing the incidence of infectious
complications from 2.42% to 0.23%, targeted prophylaxis
reduced the direct cost by 37.5%, and the hospital days
avoided per 100 patients was 7.08 days [132]. The number of
patients needed to screen to prevent one infection episode
was 45.7. Among the non-antibiotic strategies, the number of
biopsy cores, peri-prostatic nerve block, the number of injec-
tions required for peri-prostatic nerve block, and dipping the
biopsy needle into formalin or povidone-iodine between the
biopsy cores were not found to reduce post-biopsy infection
[47].

5.3 Post-operative Urinary Retention

About 25% of the patients experience worsening of lower
tract symptoms after prostate biopsy, but the risk of acute
urinary retention is low <2% [121]. Larger prostate size and
higher IPSS score are associated with an increased risk of
retention and, the majority of the time, the retention is tran-
sient and does not require surgical intervention [126].
Although premedication is not necessary for the majority of
patients, peri-procedural alpha-blockers can be considered
for at-risk patients [121].

6 Take-Home Message

The use of MRI in prior prostate biopsy is the current stan-
dard of care and is widely used. The modality used depends
on the availability of technology and surgeon preference.
With the increasing use of transperineal biopsy, the rates of
post-biopsy sepsis have decreased.
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1 Ultrasound in Prostate Cancer
Diagnosis

1.1 Introduction

Conventional transrectal ultrasound (TRUS) imaging has
been studied extensively to assess its performance for PC
diagnosis. However, the sensitivity and specificity of con-
ventional TRUS are limited, ranging between 40 and 50%
for PC detection, with minimal additional improvement
using color/power Doppler [1-3]. Therefore, within the cur-
rent standard of care, TRUS is used mainly to guide system-
atic biopsies to general geographic regions of the prostate.

New sonographic modalities such as high-resolution
micro-ultrasound, micro-Doppler, sono-elastography, and
contrast-enhanced ultrasound (CEUS) have provided prom-
ising preliminary findings, either alone or combined with the
so-called multi-parametric US. However, these techniques
still have limited clinical applicability due to a lack of stan-
dardization and large-scale evaluation of inter-observer vari-
ability and conflicting results among lesions in the transitional
zone [4-6].

1.1.1 High-Resolution Micro-Ultrasound

A novel high-resolution micro-ultrasound system (ExactVu™
system) developed at Sunnybrook Health Sciences Centre
operates at 29 MHz compared to 9—12 MHz for a conven-
tional urologic ultrasound. Theoretical spatial resolution at
this frequency is between 50 and 70 pm, improving resolu-
tion by 300% compared to conventional ultrasound. This
system allows identification of anatomic details, ductal anat-
omy, cellular density, and detection of additional focal
lesions usually not seen in conventional US examinations.
The focal lesions are stratified based on a standardized PC
risk score called “Prostate Risk Identification using Micro-
Ultrasound: PRI-MUS,” analogous to PI-RADS (Table 1)
[5-6]. Thus, micro-ultrasonography allows US real-time
guided biopsy of even small suspicious nodules.

Table 1 PRI-MUS™
micro-ultrasound)

(prostate  risk  identification  using

Probability of clinically significant prostate cancer

Category  (csPC)

PRI-MUS  Small regular ducts “Swiss Cheese”

1

PI-RADS Hyperechoic with/without ductal patches

2

PI-RADS  Mild heterogeneity or Bright Echoes in hyperechoic

3 tissue

PI-RADS  Heterogeneous “Cauliflower,” “smudgy or mottled,” or
4 Bright Echoes (“Starry Sky”)

PI-RADS TIrregular shadowing or mixed-echo lesions or irregular
5 prostate/PZ border

Micro-ultrasound system is a novel technology, and its
data is still preliminary. However, it is inexpensive, accessi-
ble, and can improve the sensitivity of TRUS prostate biopsy,
thus becoming a convenient alternative to multiparametric
magnetic resonance imaging (mpMRI) for imaging and
diagnosing PC. Published studies report increased PC detec-
tion rate (up to 94%) and an Area Under the Curve (AUC)
between 0.60 and 0.80. In addition, initial studies have dem-
onstrated that micro-ultrasound can visualize magnetic reso-
nance imaging (MRI) targets in real time, rather than relying
on MRI-TRUS fusion software coupled with conventional
TRUS for targeting. Micro-ultrasound, therefore, may have
the potential to enhance the accuracy of mpMRI in detecting
csPC [7-10].

1.2 Color-Doppler Ultrasound

Conventional color-Doppler ultrasound and power Doppler
exhibit a slightly increased PC detection rate when biopsy
samples are taken on hypervascular areas, despite normal
B-mode appearance [3]. Recently, micro-Doppler imaging
techniques have been introduced using adaptative algorithms
to eliminate motion artifacts and more pulses dedicated to
flow encoding. Preliminary results are encouraging, with a
positive correlation between micro-vascularity detected by
micro-Doppler imaging and Gleason score (GS) [4]. In addi-
tion, micro-Doppler imaging can be performed after ultra-
sound micro-bubble contrast agent administration allowing
temporal summation of the signals.

1.3 Contrast-Enhanced Ultrasound (CEUS)

PC exhibits increased micro-vessel density compared to nor-
mal tissue due to the proliferation of pathologic neo-vessels
and tumor-associated angiogenesis. This neo-vasculature is
typical of small diameter, and it is below the resolution of
conventional Doppler imaging; however, micro-bubble con-
trast agents have demonstrated the ability to enhance sono-
graphic visualization. Therefore, contrast imaging allows
accurate guidance of targeted biopsy to areas of increased
vascularity [11-13].

The active agents are microbubbles, and their tolerance in
clinical practice is excellent, with an incidence of severe ana-
phylactoid reactions well below that of iodinated contrast
media (=~ 0.014%) [12]. Microbubbles are blood pool agents,
do not reach the interstitial space or the urine, and do not
have renal toxicity. PC exhibits earlier and increased
enhancement compared to surrounding benign parenchyma.
Furthermore, newer CEUS techniques allow visualization of
microvascular anatomy. Vessels that supply tumor areas are
more numerous and irregular in configuration than the
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normal radially oriented vessels extending into the prostate
parenchyma from the neurovascular bundles and peri-
urethral vascular plexus.

Preliminary studies showed that CEUS improved the
detection of the hyper-vascularity of PC nodules, increasing
both sensitivities from 54 to 93% and specificity from 79 to
87% for baseline Doppler examination and CEUS examina-
tion, respectively [14]. Conventional Doppler imaging is not
the most appropriate method to visualize lesions due to some
artifacts. Real-time low acoustic power harmonic grayscale
imaging is most suitable for prostate CEUS. Using this tech-
nique, CEUS demonstrates improved diagnostic accuracy
for PC diagnosis compared to pre-contrast imaging, particu-
larly for high-grade (GS > 7), high volume (more than 50%
biopsy core involvement), cancer (p = 0.001) (ROC AUC
0.90) [11]. In a large prospective study enrolling 1024
patients, CEUS-targeted biopsies detected 67/326 (20.5%)
additional cases of csPC, including 51 patients (15.6%)
missed by systematic biopsy [15].

1.4 Prostate TRUS Elastography

Conventional imaging techniques do not provide informa-
tion about in vivo prostatic elastic properties. PC tissue is
stiffer than surrounding healthy prostate tissue due to several
changes, including increased cellular density and micro-
vascularization, destruction of glandular architecture, and
development of stromal reaction combined with collagen
deposition in the surrounding prostate parenchyma. This
increase in tissue stiffness has been correlated with Gleason
score and disease severity [16—19].

Prostate elastography should be performed after a com-
plete B-mode and color-Doppler examination conducted in
transverse and sagittal planes to measure prostate volume,
identify suspicious areas in the peripheral gland (mostly
hypoechoic or hypervascular), and analyze the peri-prostatic
space (including the seminal vesicles, SV). Several
ultrasound-based methods have been developed to measure
in vivo prostate tissue elasticity and provide elasticity maps.
In addition, elastography may improve lesion characteriza-
tion and PC detection, as stiff lesions not visible on conven-
tional TRUS imaging may be detected on elastograms [19].

Two different approaches have been developed. Strain
elastography analyzes tissue deformation during mechanical
stress and shear wave elastography (SWE) measures the
speed at which a shear wave generated via a sonographic
pulse travels through tissues with increased propagation seen
in stiffer tissues. SWE, unlike strain elastography, does not
require manual compression with the TRUS probe. A pro-
spective evaluation of SWE in 50 patients with a 12-core sys-
tematic biopsy as the gold standard demonstrated a cancer

detection rate of 66% with a sensitivity and specificity of 0.9
and 0.88, respectively. Moreover, stiffness values were sig-
nificantly higher in confirmed PC with the potential of asso-
ciation with GS [20].

1.5 Multiparametric Ultrasound (mpUS)

The notion of multiparametric US (mpUS) has been intro-
duced as an analogous imaging tool to mpMRI. Grayscale
imaging, vascular image techniques, CEUS, and elastogra-
phy are measurements of anatomic detail, micro-vessel den-
sity, and tissue stiffness or cellularity, respectively.

In a prospective study of 78 patients, mpUS had higher
sensitivity, negative predictive value, and accuracy than mul-
tiparametric MRI (97.4% versus 94.7%, 96.9% versus
92.3%, and 87.2% versus 76.9%, respectively) for detecting
localized PC. The mean area under the receiver-operating
characteristic curve = SD for multiparametric TRUS was
0.874 + 0.043 (95% confidence interval, 0.790-0.959), and
0.774 = 0.055 (95% confidence interval, 0.666-0.881) for
multiparametric MRI [21].

Advanced prostate US imaging techniques have incre-
mental improvements in PC detection, but up to now, none
has provided sufficient accuracy when considered on its
own. Their combination, especially with elastography and
CEUS, is more powerful, but the overall evaluation of
patients with a suspicion of PC cannot obviate the utility of
mpMRI and the potential of combined information.

2 Role of Computed Tomography (CT)
in Prostate Cancer

Abdominal and pelvis CT is recommended to assess lymph
node (LN) invasion. Any LN measuring >10 mm in short-
axis diameter is considered suspicious for LN metastasis
[22]. Recommended size thresholds range from 8§ mm to
15 mm. An attempt to standardize these thresholds has been
made using Response Evaluation Criteria in Solid Tumors
(RECIST) [23].

CT sensitivity for LN detection is low, less than 40%
[24, 25]. In a study of 4264 patients, of whom 654 (15.3%)
had positive LNs after lymph node dissection (LND), CT
was positive in only 105 patients (2.5%) [26]. In a multi-
center database of 1091 patients who underwent pelvic
LND, CT sensitivity and specificity were 8.8% and 98%,
respectively [27].

The size criteria alone does not provide adequate staging.
An imaging method utilizing both anatomical and functional
information for accurate imaging of the pelvic LN is needed
for successful nodal staging.
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3 Bone Scan in Prostate Cancer

The current standard imaging test to assess bone metastasis
is a whole-body *mTc-bone scan. It has a role in initial stag-
ing, biochemical recurrence, and serial monitoring of treat-
ment response [28]. The bone scan is a low-cost and widely
used method, but its diagnostic yield is limited. It can miss
bone metastasis in the early stages of the disease. Its specific-
ity is low because it is difficult to distinguish among bone
tumors, trauma, degenerative changes, and infection.

The bone scan is significantly influenced by the PSA
level, clinical stage, and the International Society of
Urological Pathology (ISUP) tumor grade [28, 29]. The
mean bone scan positivity rate in 23 different series was
2.3% in patients with PSA levels <10 ng/mL, 5.3% for PSA
levels between 10.1 and 19.9 ng/mL, and 16.2% in patients
with PSA levels of 20.0-49.9 ng/mL. It was 6.4% in men
with organ-confined cancer and 49.5% in men with locally
advanced cancers. Detection rates were 5.6% and 29.9% for
ISUP grade 2 and >3, respectively. Bone scanning should be
performed in symptomatic patients, independent of PSA
level, ISUP grade, or clinical stage [26, 32] (Fig. 1).

A systematic review and meta-analysis compared bone
scan to prostate-specific membrane antigen—positron emis-
sion tomography/computed tomography (PSMA-PET/CT),

Fig. 1 Bone scan from a patient with Gleason 4 + 5 =9 PCa and PSA
87 ng/ml showing multiple bone metastases

choline-PET/CT, sodium fluoride (NaF)-PET/CT, and
MRI. Results for bone scan showed combined sensitivity and
specificity of 86% (95% CI: 76-92%) and 95% (95% CI:
87-98%) at patient level and 59% (95% CI: 55-63%) and
75% (95% CI: 71-79%) at lesion level. Compared with other
diagnostic techniques bone scan sensitivity and specificity
were inferior in detecting bone metastases [30].

According to initial risk stratification, National
Comprehensive Cancer Network (NCCN) guidelines recom-
mend performing a bone scan in an unfavorable intermedi-
ate-, high-, and very high-risk group [31].

4 Magnetic Resonance Imaging (MRI)
to Assess Prostate Cancer

4.1 Introduction

Since the 1980s, MRI has been used for the noninvasive eval-
uation of the prostate. MRI was used at the beginning exclu-
sively to perform loco-regional staging in patients with
biopsy-proven PC through anatomic sequences (T1-weighted
images (T1WI) and T2-weighted images (T2WI)). However,
technological progress, both in software and hardware, led to
the development of the mpMRI that combines the above-
mentioned anatomic sequences with functional ones, includ-
ing diffusion-weighted imaging (DWI) (and its derivative,
the apparent-diffusion coefficient (ADC) maps) and dynamic
contrast-enhanced (DCE) MRI. These technical advances
enriched the ability to differentiate clinically significant
prostate cancer (csPC) from benign diseases or indolent
malignancies. Consequently, clinical applications of prostate
MRI went beyond loco-regional staging to image guidance
(for biopsy, surgery, focal therapy, and radiation therapy),
tumor detection and characterization, risk stratification, sur-
veillance, and assessment of recurrence.

4.2 General Principles of Prostate MRI

4.2.1 Sequences on Prostate MRI

As mentioned above, a variety of anatomic and functional
sequences can be performed with MRI to evaluate the pros-
tate. Table 2 summarizes the main utility of each sequence to
evaluate the prostate. According to the number and type of
sequences performed, it is possible to differentiate two types
of MRI protocols:

e Multiparametric MRI (mpMRI): includes anatomical
sequences (TIWI/T2WI) and two functional sequences
(DWI and DCE).

e Biparametric MRI (bpMRI): includes identical ana-
tomical sequences but only one functional sequence (does
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Table 2 Sequences on MRI to evaluate the prostate

Anatomical sequences
T1-weighted imaging
(TTWI)

* Delineate the contour of the gland.

* Detect lymph node and bone metastasis.
T2-weighted imaging

(T2WI) * Identify csPC in the ZT and ZP.

¢ Elucidate the presence of hemorrhage within the prostate and the SV.

e It is the fundamental sequence to evaluate the morphology of the CZ, TZ, and PZ.

* Identify the invasion of SV, extracapsular extension, and lymph node invasion.

Functional sequences
Diffusion-weighted
imaging (DWI)

* Reflect the random movement of water molecules.
* Rationale: In healthy tissues, there is a great, random movement of water. On the contrary, water moves with more

difficulty in tumor tissues due to the high cellularity (restriction to diffusion).
* DWI must include an “ADC map” and “high b-value images.”

* ADC map

— There is an inverse correlation between the Gleason score (GS) and ADC (the lower the ADC, the higher the GS;
usually, the csPC has an ADC <1). Hence, ADC improves the identification of csPC.
— However, the ADC map should be carefully interpreted due to the considerable overlap between benign prostatic

hyperplasia and PC.
* High b-value images

— b images can be performed with low, intermediate, or high b-values, but the latter is preferred. Although there is
no optimal “high b-value,” is recommended a value of >1400 s/mm?.

Dynamic contrast-
enhanced (DCE)

 Analyze the change in signal intensity in TIWI during the time of the intravenous contrast administration.
« Rationale: In healthy tissues, there is an increase in the signal during the passage of the contrast followed by

resetting the signal value to normal ranges. Like other malignancies, PC often shows early uptake compared to

normal tissue.

 Limitation: The kinetics in tumor tissue is quite variable and heterogeneous.
— Early uptake alone is not definitive for cancer.
— The absence of early uptake does not exclude cancer.

* Nowadays, the value of DCE is modest and not firmly established.

ADC apparent-diffusion coefficient, csPC clinically significant prostate cancer, CZ central zone, PZ peripheral zone, SV seminal vesicles, 72

transitional zone

not include DCE). Given the limited role of DCE, there is
a growing interest in performing bpMRI, which would
decrease the costs and the time to perform the exam.

4.2.2 Prostate Imaging-Reporting and Data
System (PI-RADS)

The Prostate Imaging-Reporting and Data System version 1
(PI-RADS™ v1) are guidelines for prostate mpMRI pub-
lished in 2012 by the European Society of Urogenital
Radiology (ESUR) based on the deliberations of the
International Prostate MRI Working Group (organized by
the AdMeTech Foundation).

The American College of Radiology (ACR), jointly with
ESUR and the AdMeTech Foundation, established the
PI-RADS Steering Committee to update and improve the
PI-RADS™ vl that resulted in the development of
PI-RADS™ v2 in 2016 [33] and PI-RADS™ v2.1 in 2019
[34]. These updates try to promote global standardization
and reduce variation in the acquirement, interpretation, and
reporting of prostate mpMRI exams.

The most critical clinical considerations and technical
specifications before performing a mpMRI of the prostate
are summarized below.

Clinical Considerations [34]

¢ Delay After Prostate Biopsy. A systematic TRUS biopsy
may produce hemorrhage (manifested as a hyperintense
signal on T1WI) in the PZ and SV, which may confound
mpMRI assessment. If the objective of the mpMRI is to
detect and characterize csPC, there may be no need to
delay mpMRI after prostate biopsy due to the detection of
csPC is not likely to be substantially affected by post-
biopsy hemorrhage. However, if the purpose of the exam
is staging, a delay of at least six weeks between biopsy
and MRI should be considered.

e Improvements at the Bowel Level. To improve the qual-
ity of the images during the mpMR]I, it has been proposed
to decrease bowel peristalsis with antispasmodic agents
(e.g., glucagon, scopolamine bromide, or sublingual hyo-
scyamine sulfate). Additionally, if the exam is performed
without an endorectal coil, bowel preparation with an
enema before the exam may be beneficial; however, the
enema may also promote peristalsis.

¢ Seminal Vesicle Preparation. Some authors recommend
that patients refrain from ejaculation three days before the
mpMRI exam to maintain maximum distention of the SV,
but an increase in csPC detection has not been firmly
established with this routine.
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In general, all these measures may be unnecessary, and
the incremental cost and potential for adverse drug reactions
should be considered. Unfortunately, nowadays, there is no
consensus on any of the aspects related to patient
preparation.

Technical Specifications [34]

¢ Magnetic Field Strength. Although mpMRI of the pros-
tate can be performed at both 1.5 T and 3 T, most mem-
bers of the PI-RADS Steering Committee prefer, use, and
recommend 3 T for prostate mpMRI, reserving 1.5 T
mpMRI for exceptional cases (e.g., patients with an
implanted device).

* Endorectal Coil (ERC). An ERC increases the signal-to-
noise ratio (SNR) in the prostate at any magnetic field
strength but may also increase the time and cost of the
exam, deform the gland, introduce artifacts, and be
uncomfortable for the patients. However, other technical
factors apart from an ERC can influence SNR (e.g., coil
design, receiver bandwidth, etc.), and satisfactory results
have been obtained with both 1.5 T and 3 T without
ERC. Then, the recommendation is to optimize imaging
protocols to obtain the best and most consistent image
quality possible with the MRI scanner used.

4.3 Structure and Function of the Prostate

and Seminal Vesicles on MRI

The prostate is an accessory gland of the male reproductive
system with an inverted pyramid shape surrounding the pros-
tatic urethra (a urethral segment extending from the blad-
der’s neck to the external urethral sphincter). It is possible to
differentiate the “base of the prostate” as the region directly
attached to the urinary bladder neck and the “apex of the
prostate” as the distal portion resting against the urogenital
diaphragm. A normal gland weighs 15-20 g and has the size
of a walnut. Prostate volume (PV) increases with age (mean
of 11.5 cc (range 1.6-20.6) in young men; mean of 39.6 cc
(range 38-83) at 60 years) [35, 36]. Prostate MRI allows to
measure the PV through the ellipsoid formula:

PV =MADxMLDxMTDx0.52
Where ...

e PV: prostate volume

* MAD: maximum anteroposterior dimension (on the mid-
sagittal T2WI)

e MLD: maximum longitudinal dimension (on the mid-
sagittal T2WI)

e MTD: maximum transverse dimension (on the axial
T2WI)

Taking PSA and PV is possible to calculate PSA density
(PSAD) according to the following formula:

PSA])zﬂ
PV

Where ...

* PSAD: prostatic specific antigen density (ng/mL?)
e PSA: prostatic specific antigen (ng/mL)
e PV: prostate volume (mL)

The prostate produces a liquid medium for the spermato-
zoa to swim in and provides proteolytic enzymes that
increase the likelihood of successful fertilization, constitut-
ing 15-20% of the total ejaculation volume [37].

The seminal vesicles (SV) are paired organs of 30 mm
length and 15 mm diameter in a young, healthy male, attached
to the posterior aspect of the prostate and bladder wall. At the
prostate base, the SV join with the ipsilateral vas deferens to
form the ejaculatory ducts, which drain in the mid-prostatic
urethra, in an elevation called verumontanum [38, 39].

Understanding the lymphatic drainage of the prostate is
essential to accurately stage PC. The prostate is drained by
obturator and intern iliac LN, which disembogue in the
external iliac LN. However, it is also described as a direct
drain from the prostate to the external iliac LN [40].

4.4  Classification Systems for Prostatic

Areas

Defining the different areas of the prostate is of utmost
importance to use standard terms when describing findings
on MRI reports. Initially, the prostate was structured into two
lobes [41]. In 1982, John McNeal described four distinct
anatomical regions: peripheral zone (PZ), transition zone
(TZ), central zone (CZ), and the anterior fibromuscular
stroma (AFS) [38]. PI-RADS™ designs a more complex
prostate sector map with 41 regions to enable radiologists,
urologists, and pathologists to accurately localize findings
described in MRI reports [34].

4.4.1 Zonal Anatomy of the Prostate on MRI
(McNeal)

Table 3 contains a detailed anatomical description of each
McNeal’s area and its characterization on prostate
MRI. Comprehending the cellularity, the glandular pattern,
and the embryological origin of each prostatic zone is
essential to understand the different behavior in prostate
MRI [42, 43]. In this regard, the TZ and PZ are derived from
the urogenital sinus; however, they have different signal
intensities on MRI due to the minor differences in cellularity
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Table 3 Summary of the main characteristics of McNeal’s zonal anatomy in a non-tumoral prostate [2, 6, 11-13]

Anatomical description
Anterior fibromuscular stroma
(AFS) (non-glandular tissue)

prostate.

Peripheral zone (PZ) (70-80% of
the glandular tissue)

presence towards the base.

Transition zone (TZ) (5% of the
glandular tissue)

until it replaces the entire gland.

Prostatic pseudocapsule or

“surgical capsule” histological evaluation.

 AFS is an apron from the bladder neck to the
prostatic apex that forms the anterior surface of the

* PZ of both sides forms an incomplete ring
surrounding the TZ in varying proportion: roughly
all the tissue is PZ at the apex, decreasing its

 TZ surrounds the prostatic urethra proximal to the
verumontanum; it is absent at the prostatic apex.
* Benign prostatic hyperplasia can enlarge the TZ

e There is no true capsule between TZ and PZ on

mpMRI description

* TIWI and T2WI: low signal intensity, much like
skeletal muscle.

* DWI: low signal intensity without restricted
diffusion.

* DCE: hypovascular relative to the glandular
prostate.

e TIWI: it is indistinguishable from the rest of the
gland.

* T2WI: homogeneous high signal intensity that
allows differentiation from other zones.

* DWI: uniform signal intensity without areas of
restricted diffusion.

* DCE: uniform enhancement after intravenous
contrast administration.

* TIWI: it is usually indistinguishable from the rest
of the gland but may contain proteinaceous material
or blood products that produce foci of hyperintensity.
* T2WI: heterogeneous signal intensity that
progresses with age and the development of benign
prostatic hyperplasia.

* T2WI: thin, dark (low signal intensity) rim at the
interface of the TZ with the PZ.

 Corresponds to compressed stromal and

fibromuscular tissue from TZ.
Central zone (CZ) (20% of the
glandular tissue)

* CZ is a conical area surrounding the ejaculatory
ducts: the base of the cone comprises most of the
posteromedial sector of the prostatic base, with the
vertex directed toward the verumontanum.

* T2WI: low signal intensity tissue encircling the
ejaculatory ducts.

* DWI: mildly hyperintense on the high b-value
image.

¢ Unlike the TZ, the volume of the CZ decreases

with age.
Prostatic capsule

¢ The prostate lacks a true capsule but has an outer
band of concentric fibromuscular tissue inseparable

* T2WI: thin, dark (low signal intensity) rim that is
outside the PZ.

from prostatic stroma, usually called “prostatic

capsule.”

* Then, it is not a true anatomic structure but serves
as an essential landmark for assessing the

extracapsular extension of cancer.
Neurovascular bundles (NVB)

prostate bilaterally (at 5 and 7 h).

* NVBs consist of nerve fibers that supply the
corpora cavernosa and arterial branches from the

* NVBs are two paired longitudinal structures of a
triangular section with a posterolateral course to the

* T2WI: small and dark (low signal intensity)
punctate and tubular structures surrounded by a high
signal from adipose tissue. The NVB is less
discernible as it moves towards the apex because it
becomes intimately adjacent to the prostatic capsule.

inferior vesical artery and its corresponding veins,
which are nestled between three periprostatic
fascial planes (prostatic fascia, lateral fascia, and

Denonvilliers’ fascia).

ADC apparent-diffusion coefficient, AFS anterior fibromuscular stroma, CZ central zone, DWI diffusion-weighted imaging, PZ peripheral zone,
TIWI T1-weighted images, T2WI T2-weighted images, 7Z transitional zone

and patterns of glandular formation; the CZ is derived from
the Wolffian duct [44]. The McNeal’s zonal anatomy is visi-
ble on MRI due to different embryological origins and its
patterns of epithelial cells in each specific zone (Fig. 2).
Approximately 70-75% of PC arise in the PZ and only
20-30% in the TZ. Instead, primary CZ cancers are rare.
Usually they are a result of direct invasion from the PZ to the
CZ [34].

4.5 Assessment and Reporting

on Prostate MRI

MRI helps us to identify patients with csPC and, therefore,
to decide which patients should undergo a prostate biopsy.
csPC is defined in PI-RADS™ v2.1 as Gleason score >7,
and/or tumor volume >0.5 cc, and/or extracapsular exten-
sion (ECE) [34]. The probability that the mpMRI
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Saggital plane

Coronal plane (posterior)

Coronal plane (anterior)

Axial plane (base)

Axial plane (midgland)

Axial plane (apex)

Blue = transitional zone; Green: anterior fibromuscular stroma; Purple = seminal vesicles;

Red: central zone; , peripheral zone.

Fig.2 McNeal’s zonal anatomy of the prostate on MRI. Blue = transitional zone; Green: anterior fibromuscular stroma; Purple = seminal vesicles;

Red: central zone; Yellow, peripheral zone

(T2WI + DWI + DCE) correlates with the presence of a
csPC for each lesion in the prostate gland is assessed with a
5-points scale (Table 4). The assignment of a PI-RADS cat-
egory should be based only on mpMRI findings (should not
consider serum PSA, DRE, or clinical history). In 2019, a
systematic review established the probability of csPC
according to PI-RADS™ v2.0: 6% of csPC in PI-RADS
1-2, 12% in PI-RADS 3, 48% in PI-RADS 4, and 72% in
PI-RADS 5 [46].

According to PI-RADS™ v2.1 assessment categories,
patients with PI-RADS 1 or 2 should not be considered for
prostate biopsy, whereas patients with PI-RADS 4 or 5
should be strongly considered for a biopsy. In addition, those
patients with PI-RADS 3 should be discussed according to
factors other than mpMRI alone.

Table 4 PI-RADS™ v2.1 assessment categories

Probability of clinically significant prostate cancer

Category (csPC)

PI-RADS 1 Very low (csPC is highly unlikely to be present)
PI-RADS 2 Low (csPC is unlikely to be present)

PI-RADS 3 Intermediate (the presence of csPC is equivocal)
PI-RADS 4  High (csPC is likely to be present)

PI-RADS 5  Very high (csPC is highly likely to be present)

Generally, there is a primary (dominant) sequence (T2WI
or DWI) and a secondary sequence that may upgrade the
assessment category (DWI or DCE). In particular, T2WI is
the sequence that commands in the TZ, and DWI may
upgrade the category in the case of PI-RADS 2 or 3. In the
PZ, DWI is the sequence that commands, and, in the case of
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a PI-RADS 3, DCE may upgrade to PIR-RADS 4 (Fig. 3,
Table 5). To assign a PI-RADS category, each prostate lesion
must receive a PI-RADS for each sequence. Subsequently,
following the established rules for categorization, a single
PI-RADS will remain for each prostate lesion.

Considering that PC is often multifocal, according to
PI-RADS™ v2.1, up to four lesions with a PI-RADS 3, 4, or
5 may be assigned on the Sector Map. Additionally, the intra-
prostatic index lesion (one with the highest PI-RADS
category) should be identified. If there are more than four
suspicious lesions, only the four with the highest likelihood
of csPC should be reported.

To better understand the PI-RADS™ v.2.1 guidelines,
please consult the original publication from Turkbey
et al. [34].

Many benign signal abnormalities within the prostate can
be seen on an MRI exam. For example, benign prostatic
hyperplasia (BPH) has a heterogeneous signal pattern on
MRI. On T1WI, they usually appear isointense to the back-
ground prostate. On T2WI, the TZ has been described as
“organized chaos” and is composed of well-demarcated or
encapsulated nodules (some appearing predominantly hyper-
intense, while others show heterogeneous or low signal) with
intervening areas of low signal intensity [45, 47]. After the
administration of contrast, nodules demonstrate variable
enhancement, with some demonstrating early hyperenhance-
ment. The PI-RADS™ v2.1 guidelines clarify the distinc-
tions between TZ PC and BPH [34].

Hemorrhage in the PZ and SV is a common finding after
a prostate biopsy that appears as a focal or diffuse hyperin-
tense signal on TIWI and iso-hypointense signal on T2WI.
Calcifications appear as markedly hypointense lesions on all
pulse sequences. Prostatitis can decrease signal in the PZ on
both T2WI and the ADC map and may create a “false posi-
tive” on DCE by increasing perfusion. Normal aging or

chronic inflammation can evolve to prostatic atrophy, typi-
cally associated with hypointense wedge-shaped areas on
T2WI and mildly decreased signal (not as low as cancer) on
the ADC map. After inflammation, prostatic fibrosis can also
be identified by hypointense wedge- or band-shaped areas on
T2WL

Table 5 PI-RADS assessment for prostate lesions on the peripheral
and transitional zone

Final
T2WI DWI DCE category
Transitional ~PI-RADS  Any Any PI-RADS
zone 1 PI-RADS PI-RADS 1
PI-RADS  PI-RADS <3 Any PI-RADS
2 PI-RADS 2
PI-RADS 4-5 Any PI-RADS
PI-RADS 3
PI-RADS  PI-RADS <4 Any PI-RADS
3 PI-RADS 3
PI-RADS 5  Any PI-RADS
PI-RADS 4
PI-RADS  Any Any PI-RADS
4 PI-RADS PI-RADS 4
PI-RADS  Any Any PI-RADS
5 PI-RADS PI-RADS 5
Peripheral Any PI-RADS 1 Any PI-RADS
zone PI-RADS PI-RADS 1
Any PI-RADS 2 Any PI-RADS
PI-RADS PI-RADS 2
Any PI-RADS 3  Negative =~ PI-RADS
PI-RADS 3
Positive PI-RADS
4
Any PI-RADS 4  Any PI-RADS
PI-RADS PI-RADS 4
Any PI-RADS 5  Any PI-RADS
PI-RADS PI-RADS 5

DCE dynamic contrast-enhanced, DWI diffusion-weighted imaging,
T2WI T2-weighted images

Peripheral zone(PZ)

T2WI DWI: ADC map

DWI: High b value image DCE

Fig. 3 The behavior of TZ and PZ lesions in each of the mpMRI
sequences. A 65-year-old patient with a focal abnormality of 17 mm in
posterolateral midgland peripheral zone of the left prostate lobe that is

hypointense in T2WI and presents restricted diffusion and is hypoin-
tense on the ADC map (0.540 mm?s); bulges adjacent capsule, sus-
pected extracapsular extension (T3a) (PI-RADS 5)
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4.6 Role of MRI in Active Surveillance

Active Surveillance (AS) is the standard of care for low-risk
PC and highly selected intermediate-risk patients [48-50].
The goal of AS is to avoid overtreatment side effects without
compromising survival in those patients who progress.

In the last few years, mpMRI is being introduced in sev-
eral AS protocols [51] because it has shown a high negative
predictive value (NPV) and, thus, a high likelihood of
excluding significant PC [52]. In addition, Schoots et al.
showed that in patients on AS, a negative MRI will have a
reclassification rate of 17% compared with a positive MRI
with 39% [53].

One of the major disadvantages of MRI use was the lack
of a standardized reporting system, making it difficult to
compare different studies and define disease progression. As
a result, the European Society of Urogenital Radiology rec-

Table 6 PRECISE assessment categories

Probability of clinically significant prostate cancer
(csPC)
Resolution of previous features suspicious on MRI.

Category
PRECISE
1
PRECISE Reduction in volume and/or conspicuity of previous
2 features suspicious on MRI.

PRECISE Stable MRI appearance: no new focal/diffuse lesions.
3
PRECISE Significant increase in size and/or conspicuity of

4 features suspicious for prostate cancer.

PRECISE  Definitive radiologic stage progression.
5

ommended using the PI-RADS [54] and the Prostate
Diagnostic Imaging Consensus Meeting panel proposed
using 5-point Likert scaling [55]. Fortunately, both systems
have similar inter-reader variability and reproducibility [56,
57], so most conclusions of previous literature can still be
applied in the same manner.

Regarding the PI-RADS system, nowadays, the most
used and well-known grading system, it is known that MRI
visibility of disease (PI-RADS 4-5) in AS candidates con-
fers a higher probability of adverse pathology at surgery,
which indicates an association between MRI phenotypes and
biological features [58]. On the other hand, PI-RADS 3 or
less indicates relative safety for AS enrollment and
maintenance.

PI-RADS lesion categories at baseline mpMRI during
active surveillance enrollment can also be used to predict
cancer progression, as shown by Wang et al. [59]. Thus, this
information, along with other clinical data, can assist urolo-
gists in identifying appropriate candidates for active
surveillance.

Prostate Cancer Radiological Estimation of Change in
Sequential Evaluation (PRECISE) panel objective was to
define patients’ conduct and reporting standards on AS hav-
ing serial MRI scans [60]. Radiologists should assess the
likelihood of actual change over time (i.e., change in size or
lesion characteristics on one or more sequences) on a 1-5
scale (Table 6). Figure 4 describes the evolution of a
PI-RADS 3 lesion during active surveillance.

Patients without radiological progression on MRI
(PRECISE 1-3) during AS have a very low likelihood of

Fig. 4 Evolution of a prostatic lesion during active surveillance. (a) Left apex, peripheral zone posterolateral (PZpl) lesion. (b) The lesion expe-
rienced a 3 mm growth (5 vs. 8 mm) in 18 months. PRECISE 4
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clinical progression, and many could, potentially, avoid rou-
tine re-biopsy [61].

Against this attractive trend of avoiding routine biopsies,
Recabal et al. proved that mpMRI alone missed a clinically
relevant proportion of high-grade tumors with lesions resided
in areas that were not denoted as regions of interest on
mpMRI (17, 12, and 10% of patients with mpMRI PI-RADS
score of 3, 4, and 5, respectively) [62]. Also, recent studies
suggest that grade progression occurs not infrequently in the
absence of image progression on MRI [63].

Stavrinides and colleagues published their outcomes on
MRI-based surveillance for their AS cohort. The treatment
rate was similar to that reported from standard AS cohorts
with comparable follow-up [64]. Nevertheless, concern
remains regarding variability in the performance of MRI and
MRI-TBx across different practice settings, not allowing to
adopt this strategy massively yet.

Regarding baseline and serial biopsies for patients on AS,
MRI also plays a significant role. Recently, it has been
reported that patients who were on a “Pre-MRI AS Protocol”
and then, after the introduction of MRI, underwent TBx if
warranted and were significantly more likely to be re-
classified and undergo treatment than those who underwent
systematic prostate biopsy alone [65]. This statement is con-
firmed by Schoots et al. in their systematic review and meta-
analysis, where they showed that a combined approach of
MRI-TBx plus systematic biopsy identified an extra 7% of
men who were upgraded compared to TRUS-guided biopsy
alone [66].

The ASIST trial objective was to determine if there is a
difference in AS failure rate among patients undergoing
MRI before initial confirmatory biopsy compared to those
who did not [67]. They showed that in patients with Grade
Group (GG) 1 PC after confirmatory biopsy, after two
years of follow-up, the ones who had a baseline mpMRI
before confirmatory biopsy resulted in 50% fewer surveil-
lance failures and less progression to higher-grade cancer.
This confirms the value of mpMRI during AS, increasing
the chance of detecting patients that are excellent candi-
dates for AS.

MRI-TBx has not only proved its value with the transrec-
tal (TR) approach. For example, the Johns Hopkins group
recently published their patients’ data on AS undergoing
transperineal (TP) biopsy. They showed that patients with
PI-RADS 3—4 lesions who underwent MRI-TBx TP biopsies
had a significantly higher upgrade rate to GG 2 PC than those
who underwent the TR approach [68].

In the last years, AS has gained popularity among treat-
ment options for patients with GG 2 PC. In this setting, MRI
plays a vital role, as shown by Stonier [69]. In addition, a
positive mpMRI (visible lesion) was associated with higher
rates of adverse pathology and upgrading. These reports
suggest that mpMRI findings help assess the baseline risk of

men with GG2 PC and help select patients who may be good
candidates for AS.

In conclusion, mpMRI is useful for detecting clinically
significant disease at the initial assessment of men consider-
ing AS and facilitates the risk stratification of AS patients by
increasing the detection of significant cancer to direct suit-
able men to active treatment. Potentially, it may reduce the
need for additional biopsies in patients with a negative
mpMRI.

4.7 Staging Before Local Therapy

MRI can provide details on anatomic staging that help inform
decision-making, particularly in patients at higher risk for
locally advanced disease based upon clinical factors.

4.7.1 Tumor Staging

Regarding the T stage, MRI is helpful to discriminate
between a tumor confined to the gland (<T2 disease) and one
that extends beyond the gland (>T3 disease). In this sense, it
is necessary to evaluate the extracapsular extension (ECE)
and seminal vesicles invasion (SVI).

ECE should be suspected when (1) there is asymmetry or
invasion of the neurovascular bundles; (2) there is bulging of
the prostate contour; (3) there are irregular or spiculated
prostate margins; (4) there is an obliteration of the rectopros-
tatic angle; (5) the suspicious lesion has contact with the
prostate capsule >1 cm (the more extensive contact size, the
greater possibility of ECE); or when (6) there is a rupture of
the capsule with evidence of direct tumor extension or inva-
sion of the bladder wall.

The SVI should be suspected when (1) there is focal or
diffuse signal hypointensity in T2WI and/or abnormal
enhancement of contrast within and/or along with the SV; (2)
there is restricted diffusion; (3) there is an obliteration of the
angle between the base of the prostate and the SV; or when
(4) direct tumor extension from the base of the prostate is
seen.

It is also vital to carefully rule out the presence of a tumor
in the apex of the prostate because its existence can pro-
duce a positive margin (in the case of more conservative sur-
geries) or injure the external sphincter and lead to
incontinence (in the case of more radical surgeries). In addi-
tion, tumors in this region may also have implications for
radiation therapy.

T2W1I is the most useful sequence on MRI for the purpose
of T staging. Pooled data from a meta-analysis of 9796
patients showed a sensitivity and specificity of 0.57 (95%CI:
0.49-0.64) and 0.91 (95%CI: 0.88-0.93), 0.58 (95%CI:
0.47-0.68) and 0.96 (95%CI: 0.95-0.97), and 0.61 (95%CTI:
0.54-0.67) and 0.88 (95%CI: 0.85-0.91), for ECE, SVI, and
overall stage T3 assessment, respectively [70].
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However, prostate MRI cannot detect microscopic
ECE. In this regard, MRI sensitivity and specificity for
detecting the pT3 stage were 40% and 95%, respectively, for
focal (e.g., microscopic) ECE and 62% and 95% for exten-
sive ECE [71]. Jager et al. reported an ECE detection rate of
14% vs. 100% for an extension radius of <1 mm vs. > 3 mm,
respectively [72]. Then, the sensitivity of MRI to detect
microscopic ECE increases with the radius of an extension
within peri-prostatic fat. It has been demonstrated that the
use of high field strength (3T) and functional imaging in
addition to T2WI improves sensitivity for ECE or SVI detec-
tion [70]. However, the experience of the reader remains of
utmost importance [73]. Some studies based on cohorts of
men diagnosed with systematic biopsy have suggested that
combining MRI findings with clinical and biopsy data could
improve the prediction of the pathological stage [74].
However, the generalizability of these findings in the TBx
setting is debatable. To improve ECE and SVI prediction,
risk calculators have been developed based on MRI findings,
clinical data, and prostate biopsy (systematic and targeted)
results [75].

Based on the low sensitivity for detecting microscopic
ECE, the European Association of Urology (EAU) does not
recommend MRI for local staging in low-risk patients (level
of evidence (LE): strong), but the examen can be helpful to
plan treatment [76].

4,7.2 Lymph Nodes Staging

Pelvic LND is indicated when the probability of LN invasion
is >5%. According to the literature, patients with low-risk,
intermediate-risk, and high-risk PC have a chance of <5%,
3-20%, and 15-40%, respectively, of LN invasion [76].
LND is the most reliable staging method, but it is an invasive
procedure with a high frequency of potential complications,
and positive LN can be located outside the template of the
performed LND [77].

When the LN is staged, it is recommended to evaluate the
following nodal groups bilaterally: common femoral, obtura-
tor, external iliac, internal iliac, common iliac, pararectal,
presacral, and paracaval and para-aortic up to the level of the
aortic bifurcation [34, 78]. The categorization of the LN
within the pelvis and retroperitoneum as abnormal on MRI is
limited to size, morphology, shape, and enhancement pattern
[78]. Usually, LNs with a short axis >8 mm within the pelvis
and >10 mm outside the pelvis are considered malignant;
however, not all LN harboring metastases are enlarged, and
there are enlarged LN without malignant invasion. Therefore,
increasing the sensitivity by decreasing these thresholds is
possible, but the specificity will also decrease, so the ideal
size threshold remains uncertain [79, 80].

The preferred sequences to assess the diameter and mor-
phology of LN are TIWI and T2WI. DWI may detect metas-

tases in normal-sized nodes, but a negative DW cannot rule
out the presence of LN metastases [78, 80].

Peabody et al. recently presented a retrospective study
with 10,250 patients who underwent radical prostatectomy,
with 3924 patients (38.3%) undergoing CT and/or mpMRI
before surgery [81]. In this cohort, mpMRI showed a sensi-
tivity, specificity, negative predictive value, and positive pre-
dictive value of 19.0%, 97.3%, 959%, and 26.7%,
respectively.

Because MRI has low sensitivity for detecting positive
LN, nomograms combine clinical and biopsy findings to
identify patients at higher risk of LN invasion, which
should be considered for LND. Some examples of the
nomograms using systematic biopsy findings can be the
one designed by the Memorial Sloan Kettering Cancer
Center (MSKCC) [82], by Briganti et al. [83], or by
Gandaglia et al. [84]; however, these instruments may not
be sensitive to patients diagnosed with combined MRI-
MRI-TBx and systematic biopsy.

Recently nomograms incorporating MRI-TBx biopsy
have been developed [75, 85]. Draulans et al. presented a
model tested on an external cohort of 187 patients treated
with radical prostatectomy, and extended LND showed a
C-index of 0.73 (vs. 0.81 in the development cohort); at
calibration analysis, the model tended to overpredict the
actual risk [85]. Gandaglia et al. presented a model vali-
dated in an external multicente