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Foreword

We live in a technological age, and the practice of sur-
gery is not exempt from this. Furthermore, predic-
tions are that the inevitable trend in surgical practice
is toward increasing dependence on high-technology
equipment. Thus, Emerging Technologies in Surgery ed-
ited by Richard Satava, Achille Gaspari, and Nicola Di
Lorenzo, is timely and appropriate. My experience with
use of medical technologies together with my involve-
ment in related research and development work over
many years has led me to classify these technologies in
four categories all expertly covered in this book: (1) fa-
cilitative—improve the el ciency of performance and
reduce the degree of dilX culty of execution of speci¥c
tasks; (2) additive—bring technical sophistication and
accuracy to surgical manipulations/interventions that
are not considered essential to existing practice; (3)
enabling—make possible certain surgical interventions
or open new therapeutic approaches; and (4) disrup-
tive—technologies that, by breaking new ground, un-
derpin real progress. The term “disruptive technologies”
was Mrst coined by Clayton M. Christensen in 1997 in
his book The Innovator’s Dilemma (Harvard Business
School Press), to refer to technologies that, as they ma-
ture, alter the way humans live and work.

Wisely, the three editors of this book, rather than
pigeonholing the technologies covered in this ex-
cellent monograph, have adopted a dierent layout
more suited—from a practical and educational stand-
point—to the current and future practice of surgery;
however, examples of all these categories are included
in the various sections. The contributions to all these
sections are by leading-edge experts in the respec-
tive Kelds, and after reading all the chapters, I have no
doubts that the editors chose their contributors wisely.
Emerging Technologies in Surgery should be of interest
to both the surgical trainees and their trainers, because
it contains a wealth of useful and practical informa-
tion on the subject. It is appropriate in my view that
emphasis has been made on education and training, as
they are axiomatic to quality care in surgical practice.
The advances in virtual surgical simulation that, after

a shaky start, have in the last few years progressed to a
stage where no surgical training program can alord to
overlook their importance; the apprenticeship system
of training is no longer sul cient, especially with the
curtailment of the training period. The World Wide
Web and progress in medical informatics in general
(disruptive technologies in the extreme) have removed
all possible excuses for all healthcare providers—let
alone surgeons—to be misinformed or be lacking in
medical up-to-date information, because the technol-
ogy brings accurate information to the shop Koor of
medical practice. There is, however, one issue directly
related to the increasing dependence of surgical care
on high technology that I feel has been overlooked in
all training programs and which needs emphasis: Sur-
geons and other interventionalists increasingly use so-
phisticated energized equipment often and regrettably,
without an adequate understanding of the physical and
engineering principles involved. This cognitive deMcit
of current training program needs correction.

It seems to me that the approaches covered in the
various sections of Emerging Technologies in Surgery are
breaking down turf barriers between disciplines, such
that patient management is slowly changing from iso-
lated, single-discipline treatment to multidisciplinary
treatment by disease-related treatment groups, which
surgeons must buy into. The spate of integrations, wit-
nessed on both sides of the Atlantic between vascular
surgeons and interventional vascular radiologists over
the past 5 years, is a pertinent example.

The editors are to be congratulated for an immensely
readable and informative monograph. It deserves to
be read and will, I am sure, be well received. I suspect,
however, that we shall witness several future editions
since one thing is sure: Medical technology does not
stand still ... for long.

Sir Alfred Cuschieri, FRS
Professor of Surgery
Pisa



Preface

Tremendous acceleration and changes in our daily
medical practice are occurring. Both as doctors and
ordinary citizens, we are aware of living in a world
more and more inXuenced by information technology.
In surgery, this revolution has brought about a dra-
matic acceleration of the introduction of new devices,
techniques, and procedures that are changing patients’
treatment and destiny. In the last 30 years, innova-
tion has developed exponentially, forcing both current
and future generations to deal with new technologies
such as microsurgery or laparoscopy, and informatics.
Meanwhile, the old surgical approach still needs to be
learned and mastered for patients’ safety.

Therefore, we decided to oler this book to illustrate
to the practicing surgeon, who has precious little time
to keep up with these rapid changes, what the impor-
tant emerging technologies are that could aXect his or
her practice in the next 10-20 years. We approached
this eMort with the expectation that this book will serve
as a useful reference to introduce surgeons of every
generation to the principles of new technologies, and
to familiarize them with those new procedures and de-

vices that seem to belong to the future but in reality are
being implemented now. Because time and resources
are not inXnite for the surgeon, both in everyday life
and in their busy practice, we hope this monograph
will contribute to their ability to select those innova-
tions that will positively impact on his or her practice.

To that end, we have invited eminent surgeons who
are experts on emerging procedures and signilcant
advances in their respective Kelds to participate. We
have been fortunate to assemble authors who are ac-
knowledged authorities in these areas, both in clinical
practice as well as in surgical education. We are grate-
ful to them for their essential contributions, to bring
together, outline, and illustrate the future trends. We
are especially indebted to Dr. Manzelli for his invalu-
able support during the preparation of this work. We
are proud to have the privilege to stand on the shoul-
ders of these giants.

Richard M. Satava, Seattle
Achille L. Gaspari, Roma
Nicola Di Lorenzo, Roma
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Chapter

Overview of Emerging
Technologies

Achille Lucio Gaspari and Antonio Manzelli

Around 20 years ago, few had been able to imagine the
future of surgery. Scientific progress and potentiality
are amazing, and the next century will proceed in a
radical new approach towards the practice of medicine.
It will be based on information technology, defined as
the devices that acquire information; those that pro-
cess, transmit, and distribute information, and those
that use information to provide therapy. Although
conventional surgery will continue to have a presence,
there will be radically different surgical approaches
and technologies that may become the predominant
form of surgery [1]. The field of surgery is entering a
time of great change, spurred on by remarkable recent
advances in surgical and computer technology. Surgi-
cal robotics is on the cusp of revolutionizing evolution
of the new technologies. The last decades have seen
robots appearing in the operative room worldwide.
Thanks to its advancement, robot technology is now
regularly used in endoscopic surgery and, in general
terms, in minimally invasive surgery. It is still hard to
believe that the future of robotics surgery is now. The
use of robots has assumed a principle role in main
surgical procedures in chief medical referral centers
in Western countries. It is used widely for many mini-
mally invasive procedures including Nissen fundopli-
cation for treatment of gastroesophageal reflux disease,
radical prostatectomy, hysterectomy, donor nephrec-
tomy for kidney transplant, and reconstruction of the
kidney and ureter, producing safe and notable results
with benefit for patients: smaller incisions, less injury
to surrounding tissues, lower risk for wound infection,
shorter hospitalizations, and quicker recoveries [2-4].
One reason surgical applications are progressing
quickly is the large technology base that has been de-
veloped in robotics research in the past three decades
[5]. Results in mechanical design, kinematics, control
algorithms, and programming that were developed for
industrial robots are directly applicable to many surgi-
cal applications. Robotics researchers have also worked
to enhance robotic capabilities through adaptability
(the use of sensory information to respond to changing
conditions) and autonomy (the ability to carry out tasks
without human supervision). The resulting sensing and

1

interpretation techniques that are proving useful in sur-
gery include methods for image processing, spatial rea-
soning and planning, and real-time sensing and control
[6]. In surgery, the robotics system enhances the sur-
geon’s precision and capabilities in laparoscopic pro-
cedures, which are performed through tiny incisions
with pencil-thin instruments and cameras. The robot
moves high-speed cutting tools to perform precise inci-
sions and safe dissection, and the system provides the
surgeon a three-dimensional imaging of the operating
field, giving intuitive hand movement, resulting in sig-
nificant improvements over standard laparoscopic sur-
gery. We must not forget that traditional laparoscopic
surgery has two-dimensional imaging, and the move-
ment of instruments is “counterintuitive’, i.e., similar to
doing surgery while looking into a mirror [7].

Robotic surgical systems provide the surgeon with
nearly all of the natural movements of the human wrist.
They also eliminate natural hand tremors and improve
dexterity to enable surgeons to do ever-finer surgery in
a more controlled manner [8].

However, humans still are superior at integrat-
ing diverse sources of information, using qualitative
information and exercising judgment. Humans have
unexcelled dexterity and hand-eye coordination, as
well as a finely developed sense of touch. Unlike inter-
action with robots, interaction with human members
of a surgical team for instruction and explanation is
straightforward. These differences in capabilities mean
that current robots are restricted to simple procedures,
and humans must provide detailed commands, using
preoperative planning systems or by providing explicit
move-by-move instructions. Even in the most sophis-
ticated systems, robots are specialized to specific tasks
within procedures; humans must prepare the patient,
make many of the incisions and sutures, and perform
many other functions. Robotic systems are best de-
scribed as “extending human capabilities” rather than

“replacing human surgeons”

In fact, what we today call robot is in reality an effec-
tor, a material performer, a transducer of a commands
that are directly imparted by the human being that
checks and directs closely the sensibility, the move-
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ment, and in practice therefore the action. Neverthe-
less, in the common imaginary the robot replaces the
human being in the working assignments not as un-
grateful persons, perfectly adherent to the etymology of
the Czech term robota, or “servitude” or “forced labor”.
Therefore, the trick to imagining the future of surgery
is really to think of robots as animated, i.e., an opera-
tor and worker endowed with artificial intelligence and
founded on the development of complex neural net-
works to the service of human beings through a truth
and height remote control.

Medicine of the future and progresses in new tech-
nologies applied to surgery is not only concept of ro-
botics systems and their application in operating room
of the future, but also diffusion of knowledge, sharing
of ideas, standardization of the procedures, scientific
competences of sectors, standardization of the thera-
pies, professional and formative education that, trans-
lated in different terms, produce qualitative improve-
ment of healthcare systems worldwide. The scenario
of the world of surgery is already changing, passing
from the structural organizations to reach the arena of
the teaching and the future of new generations of the
surgeons.

The introduction on minimally invasive surgery has
demonstrated the need for training surgical skills out-
side the operating room, using animal model or sim-
ulators. As laparoscopic surgery involves displaying
images on a screen, virtual reality simulation of surgi-
cal task is feasible. Different types of simulators have
become available. All simulators aim at training psy-
chomotor skills, and some simulators also allow train-
ing in decision making and anatomical orientation. In
the near future virtual reality simulators may become
a tool for training and validation of surgical skills and
monitoring the training progress [9].

Another field of application of the complex world of
advancement in scientific technical progress is the ac-
cess and the fruition of communication. Widely pres-
ent in the normal daily life of everyone—especially
in Western countries—the new means and modali-
ties of communication and information technologies
have significantly revolutionized access to surgical
education. The introduction of the Internet informa-
tion highway into mainstream clinical practice as an
information-sharing medium offers a wide range of
opportunities to healthcare professional. An amazing
example of a world virtual university is WebSurg.com,
dedicated to minimally invasive surgery laparoscopic
surgery updating and professional education, assuring
contributions to the worldwide diffusion of scientific
information in an easy and user-friendly way. [10].

The exponential growth in information technology
is resulting in a rapid increase in the ability to develop

useful applications on the Internet. It is becoming dif-
ficult for surgeons to reach their full potential unless
they exploit Internet-based activities. This is because
the ability to rapidly capture information of quality is
an essential ingredient in a reflective approach to sur-
gical problems. More futuristic is the prospect of us-
ing computer-based technology to operate on patients
from a distance, as proposed by telesurgery. With the
advent of laparoscopic surgery, a method characterized
by a surgeon’s lack of direct contact with the patient’s
organs and tissue and the availability of magnified
video images, it has become possible to incorporate
computer and robotic technologies into surgical proce-
dures. Computer technology has the ability to enhance,
compress, and transmit video signals and other infor-
mation over long distances. These technical advances
have had a profound effect on surgical procedures and
on the surgeons themselves because they are changing
the way surgery is taught [11].

Finally, a mention of telementoring. It is used when
an experienced surgeon assists or directs another less
experienced surgeon who is operating at a distance.
Two- and three-dimensional, video-based laparoscopic
procedures are an ideal platform for real-time trans-
mission and thus for applying telementoring to surgery.
The images viewed by the operating surgeon can easily
be transmitted to a central “telesurgical mentor” and
permit intraoperative interaction. Several studies have
demonstrated the practicality, effectiveness, and safety
of surgical telementoring. The goal of this application
of telemedicine is to improve surgical education and
training, expand patient care, and improve health-
care delivery by allowing access to surgical specialists.
Eventually, surgical telementoring could assist in the
provision of surgical care to underserved areas, and
potentially facilitate the teaching of advanced surgical
skills worldwide [12].

What future awaits us? Will surgeons be able to
follow the entire and complex world of scientific pro-
gresses? Are surgeon of tomorrow ready to be abreast
of the increase of knowledge and request of quality of
assistance? Modern surgery is relatively young, and
despite this it has a history noble, and illustrious sort
of audacity, rush and grandiose, and perspective vision
of the future. The exponential growth of unknown af-
fairs is still intimately tied to the nature of man and the
drive to attain knowledge. The future requires prepara-
tion and attention to understanding of the knowledge
necessary in the exclusive direction of the interest of
humanity, improving performances, increasing quality
solutions, providing availability of the scientific com-
petences of sector, standardizing procedures, and pro-
viding worldwide formative education.
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Chapter

Economics of New Surgical
Technologies

Michael S. Kavic and Amy E. Waitman

2.1 Technology: A Definition of Terms

Technology is that body of knowledge available to
a civilization that is of use in fashioning implements,
practicing manual arts and skills, and extracting or col-
lecting materials [1]. It is the science that concerns it-
self with the application of knowledge to practical pur-
poses. Others have suggested that the characterization
of technology be expanded to include those technolo-
gies that sustain the way a thing is done or performed,
and those technologies that change the way things are
accomplished [2]. In this sense, sustaining technolo-
gies are those technologies that keep up or improve the
status quo but do not disrupt or create chaos in exist-
ing situations. New growth is not fostered. On the other
hand, disruptive technologies are those technologies
that create major new growth in areas they penetrate
and disrupt or cause to fail the entrenched technolo-
gies. New growth can occur because less skilled per-
sons are enabled to do things previously done only by
expensive specialists in centralize (typically inconve-
nient) locations. The consumer is offered services or
products that are cheaper, better, and more convenient
than previously provided.

2.2  ABrief History of Medical Technology
Surgical technology and the skills to practice operative
intervention were essentially embryonic for the first
several thousand years of recorded history. The over-
whelming and intense pain associated with surgery
limited operative procedures to only those that were
simple and rapid. In addition, there was limited know-
ledge of the role of bacteria in the development of in-
fection. Wound contamination was common, and sep-
sis frequently resulted in death of the surgical patient.
The discovery of anesthesia and the acceptance
of antisepsis stimulated the development of surgical
instrumentation during the late 19th century. Growth,
nevertheless, was slow, and technological innovation

2

was essentially a sustaining one as clamps, retractors,
scalpels, and other devices developed before or dur-
ing the 19th century were refined, but little changed.
Creative surgical innovators focused on ways to
extirpate or correct disease processes, and new, inno-
vative operative procedures were developed. However,
the technology utilized to perform these operations
remained unchanged. And remained so for almost
a century. In a similar vein, costs for surgical instru-
ments (technology) remained stable and relatively
predictable.

During the latter part of the 20th and the beginning
of the 21st century, however, surgery became a tech-
nology-driven profession. There was a disruption of
the status quo. The development of new technologies
(energy sources, mechanical devices, imaging, etc.)
ultimately led to a radical change in how surgery was
practiced. Spectacular medical achievements were
due to advances in technology that in many instances
was disruptive of the status quo. These technological
advances enabled physicians to diagnose and treat dis-
ease more accurately than before. Computerized to-
mography (CT), magnetic resonance imaging (MRI),
and diagnostic radioisotope studies revolutionized the
field of radiology. Portable, affordable ultrasound units
gave the gynecologist an office-based tool to accurately
and conveniently diagnose female genital tract disease.
Minimally invasive surgery (a stunning example of the
combination of several disruptive technologies) com-
bined solid-state cameras, high-resolution video moni-
tors, and laparoscopes to completely change the way
physicians exposed and managed surgical disease. No
longer was a large traumatic surgical incision required
to visualize intracavitary organs.

Present-day technologies have allowed clinicians
to gather more information and refine differential di-
agnosis prior to operative intervention. CT scans and
diagnostic laparoscopies in many instances have re-
placed the need for exploratory laparotomy. The result
has been a decrease in patient risk and morbidity. New
technologies have not only enhanced quality of life, but
also in many instances, extended it.
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2.3 The Economic Burden of Health Care

Men and women throughout the world and particu-
larly in developed Western countries have come to ex-
pect, indeed to demand, high-technology health care.
The advances in technology and medical devices, how-
ever, have come at a very high price and have generated
wrenching ethical and social debates. National health
expenditure in the United States, for example, in-
creased from $41.0 billion, or 5.7% of the gross domes-
tic product (GDP) in 1965, to $1,299.5 billion in 2000,
or 13.2% of the GDP. National health care expenditure
on a per capita basis increased from $205 in 1965 to
$4,672 in 2000 [3]. Health care spending continued to
rise in the United States, reaching $1.4 trillion in 2001.
This was an 8.7% increase from the year 2000. Health
care spending increased three times faster than did
growth of the US economy. In the year 2000, health
care spending was $4,672 per person, which increased
to $5,035 per person in 2001 [4].

The number of medical schools in the United States
increased from 86 in 1960 to 126 in 1994, and the
number of medical students increased from 30,288
in 1960 to 66,629 in 1994. There were 5,407 hospitals
in the United States in 1960, with 639,000 beds, and
5,321 hospitals, with 923,000 beds in 1992. Only a
modest increase of hospital beds, but on the other
hand, the number of freestanding ambulatory surgical
centers increased from 459 in 1985 (783,864 proce-
dures performed) to 1,862 in 1993 (3,197,956 proce-
dures performed) [5]. The US population in 1960 was
179,323,175 people, and by the year 2001 increased
to 284,796,887. Most could afford health care. As re-
ported by the US Census Bureau in 2001, the number
of persons with health insurance was 240.9 million; the
number of uninsured persons was 41.2 million [6].

The increase in health care demand and supply has
not been confined to the United States. All major de-
veloped countries have experienced a similar increase.
For example, health care expenditures in the United
Kingdom increased as a percentage of gross domestic
product from 4.5% in 1970 to 7.1% in 1992. Viewed
another way, this translated to health care spending per
capita increase in the United Kingdom from $146 in
1970 to $1,213 in 1993. Similarly, health care spending
as a percentage of gross national product in France in-
creased from 5.8% in 1970 to 9.4% in 1992. On a per
capita basis, French health care spending increased
from $192 in 1970 to $1,835 in 1993. Countries in the
Far East have not been exempt from this trend and in
Japan, the percentage of expenditures on health care as
related to gross domestic product increased from 4.4%
in 1970 to 6.9% in 1992. Put another way, health care
spending per capita in Japan increased from $126 in
1970 to $1,495 in 1993 [5].

The demand for health care has been fueled in part
by readily available worldwide communication. Nearly
universal access to mass communication, radio, tele-
vision, and the Internet has educated consumers and
has helped create a demand for cutting-edge care. A
consensus appears to be developing that people of the
world are beginning to expect certain rights of their
governments including respect of person, dignity, and
access to health care. Because of this public demand for
health care, a major issue undergoing debate in vari-
ous countries has been whether a society or a nation
should restrain advances in expensive health care tech-
nology or attempt to fulfill the universal human desire
for good health regardless of cost. Many believe that
no one should be denied access to health care because
of cost, but few deny the overwhelming importance
of prudent economic management in the delivery of
health care.

Costs for health care have unrelentingly spiraled up-
ward, and there appears to be no end to the increasing
financial burden on individuals, societies, and states.
Demand has outstripped supply. As a benchmark, it is
worth noting that the average US general surgeon per-
formed 398 procedures per year from 1995 to 1997. Of
these cases, 102 (26%) were abdominal procedures, 63
(16%) were for alimentary tract procedures, 55 (14%)
were for breast operations, 51 (13%) were for endo-
scopic procedures, 48 (12%) cases involved soft-tissue
operations, 39 (12%) cases were vascular procedures,
trauma accounted for 6 (2%) cases, 4 (1%) cases were
for endocrine disease, and 3 (1%) were for head and
neck. Of the 398 procedures, 44 (11%) cases were for
minimally invasive laparoscopic operations [7]. This is
an average yearly workload for a general surgeon in the
United States, and may be taken as a baseline for what
a general surgeon can accomplish in a developed West-
ern country that has a high demand for health care.

2.4 ATechnological Solution

to Health Care Cost

In many poorer countries, the ability (financial remu-
neration, personal growth, safety, quality of life issues,
academic satisfaction, etc.) to supply and deliver health
care is very limited or nonexistent. The solution to the
dilemma of providing health care in an environment
of limited resources has been obscure, but with the use
of disruptive technologies, the solution may be obtain-
able.

Over the last 50 years, technology has revolution-
ized health care, and it will likely continue to do so in
the future. Technology, however, comes in many guises.
It is in the application of technology and, in particular,
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those technologies of a more simple, convenient form,
that may hold the key to reducing costs and allow med-
ical care to be more widely available.

The experience of industry with sustaining and dis-
ruptive technologies provide clues and perhaps suggest
an answer to the dilemma of providing health care in
this technologically driven age. Christensen et al. have
suggested that sustaining innovation (technology) is
the improvement an industry creates as it introduces
new and more advanced products to serve the more
sophisticated customers at the high end of a market [2].
Disruptive innovations (technology) are cheaper, sim-
pler, more convenient products or services that start by
meeting the needs of less demanding customers. For
example, the invention of the printing press (disrup-
tive technology) put a large number of human copiers
of books out of business. The lay public was less de-
manding of book producers than were the clerics and
academics of the day. Texts did not need to be hand
printed or illuminated in gold to provide their mes-
sage. The inexpensive, portable camera developed by
George Eastman a century ago disrupted the art world
by virtually eliminating the need for expensive portrait
artists. The invention of electrophotography by Chester
Carlson in 1938 (later called xerography) revolution-
ized the world of printing and decreased reliance on
printing professionals.

In each instance, technology, particularly cheaper,
simpler, and more convenient technology, disrupted
the status quo, diffused throughout society, and brought
great benefit to that society. Each particular technology
enabled a larger population of less skilled persons to
do more of a task, in a more convenient setting, and
in a less expensive manner, which previously had re-
quired more highly skilled specialists. This caused an
upmarket migration of service that has proven to be an
essential driver of economic progress in the industrial
world [2].

Health care can be transformed in a similar man-
ner. In fact, some parts of the health care system have
already been disrupted, and a transformation of sorts
is underway. Outpatient surgical centers have been es-
tablished that can safely and efficiently offer operative
procedures that heretofore have only been performed
in high-cost hospitals. Nurse practitioners and other
nonphysician clinicians can function as autonomous
providers of patient care and perform many of the ba-
sic tasks of a primary care physician [8]. Specialists and
specialized centers (hospitals) should not be asked, or
rewarded, to carry out more simple tasks that can be
performed elsewhere. Yet, perversely in the real world,
many health care plans have done just that.

Several US states and some insurance plans have
regulations that preclude nurse practitioners from
performing simple diagnostic tests and therapeutic in-

terventions. More highly trained physicians, in order
to maintain their income stream, are forced to see pa-
tients with common, simple problems. A production
line is instituted in the physician’s office and office vis-
its must, by necessity, be brief and perfunctory. Instead
of an upmarket migration of services where nurse
practitioners or physician assistants (with appropriate
enabling technology) are permitted to manage simple
problems, there is a downmarket migration of services
by the physician. It is no wonder that less actual care
is given, and patient dissatisfaction is increased. Less
expensive personnel are not utilized to perform tasks
that are within their realm to accomplish when armed
with appropriate (disruptive) technology. The lessons
from industry have been neglected and a fundamental
engine of potential medical progress has been stifled.

To frame the health care problem more clearly, it is
necessary to look at the delivery of health care in terms
of systems. Human disease and its management can
be categorized into several tiers of complexity, rang-
ing from the most simple to the very intricate. In the
simplest tier of disease, accurate data collection reveals
an unambiguous diagnosis that can be managed with a
straightforward treatment protocol of medical therapy.
This disease recognition and treatment process can be
described as a rule-based process. In the middle levels
of disease complexity, no single piece of information
yields a diagnosis. Rather, multiple data points suggest
a diagnosis and treatment program through a process
of discernment by the physician called pattern recogni-
tion. In the most complex disease states, the diagnosis
is obscure and requires the collective experience and
judgment of a team of clinicians. Multiple tests are re-
quired and the diagnosis and treatment is arrived at in
a problem-solving mode [2].

Considering the above, it is clear that at the most
simple levels of disease, a rule-based process would
establish the diagnosis and dictate therapy. Medical
treatment could then be initiated by well-trained non-
physician clinicians and less highly skilled physicians.
Application of the rule-based process would specify a
proven therapeutic strategy. Technologies are available
to facilitate this process. For example, a sore throat can
be evaluated by a trained nonphysician clinician; ap-
propriate, convenient, outpatient cultures (technology)
obtained; and antibiotic therapy initiated on receipt of
a streptococcal infection report.

Similarly, enabling technologies such as unsophis-
ticated, inexpensive, office-based ultrasound would al-
low primary care physicians to evaluate breast lumps
and, if cystic, manage them conservatively. Appropri-
ate management would be initiated without referral
for costly hospital or specialist evaluation. An upward
migration of service will have occurred. In a similar
way, endovascular stenting in an outpatient setting has
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the potential to cause an upward migration of service
and reduce the need for a more costly surgical team,
operating rooms, and hospital stay. In all of these situ-
ations, technology can be disruptive of the status quo
and result in an upmarket migration of services where
less skilled persons perform procedures that are more
sophisticated in a less expensive way.

The introduction of new technology is as critical
in the field of medicine as it has been in industry. A
good guide to the introduction of technology is found
in the “Statement on Emerging Surgical Technologies
and the Evaluation of Credentials” promulgated by the
American College of Surgeons [9]. The position taken
by the American College of Surgeons recognizes that
the introduction and application of any new technol-
ogy should proceed through a series of steps intended
to ensure its safety, appropriateness, and cost-effective-
ness. These steps or recommendations suggest that the
development of new technology must be accompanied
by a scientific assessment of safety, efficacy, and need.
Diffusion into clinical practice requires appropriate ed-
ucation of surgeons and evaluation of their use of the
new technology. Finally, widespread application of new
technologies must be continuously assessed and com-
pared with alternative therapies to ensure appropriate-
ness and cost-effectiveness through outcome studies.

The guidelines of the American College of Surgeons
regarding technology are reasonable and patient cen-
tered. Disruptive medical technologies exist that en-
able persons who are less skilled to perform tasks tra-
ditionally completed by more highly trained specialists.
By allowing less highly trained and less expensive prac-
titioners to perform more highly skilled tasks with dis-

ruptive technologic innovations, more patients can be
served with safety, efficiency, and cost-effectiveness.
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Chapter

The Scientific, Social,
and Ethical Implications

of Disruptive Technologies

Richard M. Satava*

Technology has been a major driver of all revolution-
ary change that occurs on a large scale. As we leave the
Information Age and head into the next era, it is pru-
dent to examine the extraordinary technologies that are
emerging from the scientific laboratory, and to attempt
to understand the social and ethical impact that these
technologies would have on healthcare, society, and our
species.

3.1 Introduction

In 1980, Alvin Toffler [1] described the three ages of
man: the Agriculture Age, the Industrial Age, and
the “new” Information Age. The purpose was to call
to public attention and scrutiny what was perceived
to be a new, major change in our society as a whole.
This change, the Information Age, was described as a
new revolution that was predicated upon a new tech-
nology that would totally change the entire fabric of
daily living. The premise was that entire societies of the
previous ages, the Agriculture Age and the Industrial
Age, were based on a specific technology—farming,
and then machines. The Information Age is based on
telecommunications and computers—the dispersal of
information. Agriculture societies were intent on pro-
viding survival for themselves, their families, or imme-
diate community. With the Industrial Age, a few peo-
ple were able to provide the food and material needs
of thousands or millions of people by way of efficient
machine technology, be it tractors and harvesters for
food or mass production of clothing, transportation,
and other devices. In the Information Age, rather than
working directly in various goods, there was a major
switch to a service industry in which people did not
grow, build, or make something, but rather were inter-
mediaries that provided other peoples’ (or manufac-
tured) products or performed service for them.

The Information Age is actually over 100 years old,
including technologies such as the radio, television,
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telephones, computers, and the Internet, although
Toftler chooses to date it as beginning after World War
II. During this Information Age, the majority of people
did not farm their own food nor make any products
nor even perform manual labor for someone else, but
rather dealt in the intangible information. The focus
is on making information available in a timely (usu-
ally rapid) manner in order to make better decisions,
to acquire a market position, archive massive amounts
of information for reference, to connect people with
other people or information in a ubiquitous manner,
etc. There is nothing substantive, no ear of corn, new
clay pot, or even a hole in the ground. Instead, there
are ideas, datasets, and networks. Moreover, a chat
room is not a room but a computer program to share
messages and conversation—in essence, a virtual room.
The results have been to make a larger amount of in-
formation available distributed throughout the world,
so fewer people could make even vaster amounts of
food and products available, freeing the majority of
the population to either concentrate on producing
more information (away from manual labor) or more
leisure time. In addition, many inanimate objects,
such as telephones, automobiles, computers, and even
robots started the earliest, primitive level of “intel-
ligence”. These machines and devices could do very
simple tasks that people used to do. Cell phones store
phone numbers, automobiles have automatic adjusting
breaks, and televisions and videocassette recorders are
programmable and have remote controls. Throughout
these three ages or revolutions, humans have remained
unchanged: What humans do is changed but, with the
exception of a significant reduction in disease (and a
resultant slight increase in living longer lives), humans
are exactly physically the same as we have been in the
past hundreds of thousands of years.

More important for understanding the various ages
and the transitions, there comes a time when a revo-
lution (such as the Industrial Age) goes from revolu-
tion to evolution. Figure 3.1 is a conceptual graphic
of the ages. What is noticed is that there is a “tail” at

* The opinions or assertions contained herein are the private views of the authors and are not to be construed as official, or as reflecting the
views of the Department of the Army, Department of the Navy, the Advanced Research Projects Agency, or the Department of Defense.
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Fig. 3.1 The ages of the develop-
ment of technology
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the beginning of the revolution, which shows a small
amount of change in the new technology: discovery. A
point is reached when there is a very rapid growth of
the new technology: commercialization. The “revolu-
tion” is now taken by society as a whole, for example
Henry Ford making the automobile available to every-
one: consumer acceptance. Any subsequent changes
in the technology are evolutionary rather than revo-
lutionary. Once a revolution has achieved consumer
acceptance, any subsequent changes that are made are
iterative, making the product better but not inventing
a new product. The rapid growth in technology flat-
tens out and no significant new technology is invented.
It appears that this plateau effect has been achieved
with Information Age technologies, as manifest by the
ubiquitous use of cell phones, computers, the Internet,
etc. There has not been a new invention in informa-
tion technology in over a decade; the researchers are
simply making the things we have better or cleverer. If
there are no “new and revolutionary technologies” be-
ing created by Information Age technologies, then in
what direction and with what technology will the next
revolution occur?

There appears to be another new age occurring. Be-
cause this is the very middle of change, it is hard to
perceive the trends and interpret the essence of the
change around us, and it is not possible to prove that
a change is occurring, so the following speculation is
offered. In looking at Fig. 3.1, there is a new tail repre-
sented that has not reached the “Consumer Acceptance
Line”. This trend is rooted in the discoveries in biology
over the past 30 to 50 years, and not only in the discov-
ery of DNA and the Human Genome, but also in the
many pharmaceuticals and consumer products based
on biological principles. In addition, the primordial
efforts during the Information Age at making devices
intelligent are now expanding exponentially. The Infor-
mation Age bar codes have made all products identifi-
able all the time, linked to many important functions

{r il {
1800AD 1900AD  2000AD

for stores, and so on. Credit cards provide access at all
times to all things that can be purchased, either directly
or via the Internet. But new microtechnologies such
as the radio frequency identification (RFID) tags are
complete computers that are so tiny (smaller than the
head of a pin) that virtually everything from food to
clothes to appliances will have a tiny bit of intelligence
embedded inside and will be able to communicate with
one another. The result is a world in which even in-
animate objects are “smarter”, and they “talk” with one
another. Perhaps this could be considered the first step
toward a new life form, one capable of communicating
by itself but not “living” in the same sense as do people.
But most importantly, this revolution is being led not
by individual brilliant researchers discovering some-
thing in their tiny niche, but rather by large, interdis-
ciplinary teams that have expertise in many areas, with
a heavy emphasis on biologic sciences. The discovery
and understanding of the complexity of the world has
progressed to the point where no single person can un-
derstand the truly large issues, and any fundamentally
revolutionary change can only be achieved by inter-
disciplinary teams. The term “BioIntelligence Age” [2]
has been proposed as a placeholder name for this new
direction, because it illustrates the combination of the
importance of the discoveries in biology, physical sci-
ences, and information sciences (Fig. 3.2). Discoveries
are occurring at the interface of two or more of the
technologies, creating something that a single disci-
pline could not develop alone.

On this broad background, it is appropriate to in-
vestigate how one portion of this change in science and
technology—healthcare—is accommodating to the fu-
ture. Although many of the technologies that will affect
the future are being discovered in the basic sciences,
their ultimate use will be for health care purposes, or
require implementation by a health care provider. The
technologies to be addressed have been chosen be-
cause of the profound questions they raise for individ-
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uals, society, and the species as a whole. While many
have been considered as being in the realm of science
fiction, recent discoveries have been subjected to the
rapid acceleration of technology and therefore will ap-
pear much earlier than anticipated: Science fiction will
soon become scientific fact! These new discoveries will
launch the moral and ethical challenges that today’s
students and residents must solve during their careers.

3.2 Intelligent Computers and Robots

The human brain has been estimated to compute at
the speed of 4 x 10" computations per second (cps)
[3]. The latest supercomputer, Red Storm at Los Ala-
mos National Laboratories (Los Alamos, N.M), com-
putes at 4 x 10" cps, still about 1,000 times slower than
the human brain computes. However, Moore’s Law
(roughly interpreted as “computer power doubles ev-
ery 18 months”) would indicate that computers will be
as fast (or faster) than humans are in 15-20 years. New
programming techniques, such as genetic algorithms,
cellular automata, neural networks, etc., are designed
to “learn”, The result will be computers, machines, and
robots with greater computing power than humans,
and that will have the ability to learn from experience,
to adapt to new or novel situations, and design a so-
lution to new situations. Will they be intelligent? Will
humans “communicate” with them? If they are intel-

ligent, are they “alive” and must they be given “rights?”
Will they even remember that we created them, or even
care?

3.3 Human Cloning

There exist numerous human clones in many different
countries, with publications about them coming from
China, Korea, and Italy [4]. The United States and most
of the world community has banned human cloning.
Was that a prudent move or just a knee-jerk reaction?
With an ever-escalating world population and millions
of starving people, why is it necessary to clone a hu-
man? Although there has not been a formal conclusion
on how to address the issue of human cloning, it is
banned in most countries. Was that a correct decision,
or should a family that has tried all known forms of
medical reproduction and failed be given a chance to
have their own child through cloning? Is cloning one
more step in the “natural” evolution of humans?

3.4 Genetic Engineering

The first genetically engineered child was born in 2003
to a family with three boys. The parents decided to “en-
gineer” their fourth child to be a girl; this and many
other examples are discussed by Gregory Stock in his
book Redesigning Humans: Our Inevitable Genetic Fu-
ture [5]. Not only is it possible to choose through engi-
neering specific favorable human traits, but also genetic
sequences for a number of diseases have been studied,
and there are children who have had the disease trait
engineered out in order to have a normal, happy life.
Other parents have chosen to use genetic engineering
for a second child (the “survivor sibling”) when the
firstborn child develops an incurable disease (like leu-
kemia) [6]. The newborn child’s normal hemopoetic
stem cells can provide a rejection-free replenishment
for the firstborn who has had total irradiation of bone
marrow to cure the leukemia. Is it moral to specifically
engineer and conceive one child in order to save an-
other?

Another aspect of genetic engineering is that the ge-
netic sequences for specific traits in one species (e.g.,
genes that allow reptiles and hummingbirds to see in
the dark with infrared or ultraviolet vision [7, 8]) are
well characterized and have been successfully trans-
planted across species. Should humans be engineer-
ing their children, not only with traits to make them
better or stronger humans, but also with traits that go
beyond known human capabilities such as the infrared
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vision and others, especially if the new trait provides
an important new advantage? How will it be decided
who can receive such genetic traits that give a person a
superior advantage?

3.5 Longevity

The longest recorded human lifespan is 123 years. One
of the major determinants in longevity is the telomere
on a chromosome—when a cell divides, the telomere
is shortened by the enzyme telomerase, eventually re-
sulting in a telomere that is too short to sustain further
division and hence, the cell dies. There are a few strains
of mice (and “immortal” cell lines) that have been en-
gineered to produce antitelomerase, which blocks the
enzyme telomerase and maintains the length of the
telomere; these mice are able to live two to three times
a normal life span [9]. If this mechanism is also effec-
tive in humans, should we do human trials to deter-
mine if a person can live 200 years, or longer? If lon-
gevity is successful, what are the social implications
of living 200 years? Does the person retire at 60 years
of age, with 140 years of retirement? How would it be
possible for the planet to support the massive increase
in population if people could live so long?

3.6 Human-Machine Communication

A number of centers around the world now have im-
planted probes into monkeys’ brains and read the sig-
nals when a monkey moves its arms to feed itself [10].
By training the monkey to eat, and then decoding these
signals, it has been possible to send the signals for eat-
ing directly to a robotic arm. In a short time, the mon-
key is able to feed itself with the robotic arm simply by
thinking of feeding itself. Where can this technology
lead? To putting probes in the brain to directly connect
to a computer or the Internet? As the control of artifi-
cial limbs and other parts of the body becomes more
successful, should these limb prostheses be used to re-
place those of paraplegics or quadriplegics? Will such
persons be true cyborgs (half human-half machine)?

3.7 Artificial Organs and Prostheses

The following example typifies the interdisciplinary
approach needed to achieve success in designing and
creating complex living systems, such as growing ar-
tificial organs to replace diseased organs. The follow-
ing illustration approximates the system pioneered

by Dr. Joseph Vacanti [11] of Massachusetts General
Hospital (MGH) and Massachusetts Institute of Tech-
nology (MIT), and is described in order to understand
the critical need for an interdisciplinary approach in
research and healthcare. Using computational math-
ematics, a complete microvascular system with an ar-
tery and vein that anastomoses at a 10-um size (red
blood cells are 8 um in size) is computer designed. This
design is exported to a stereolitohgraphy machine (a
3-D printer) that “prints” this blood vessel system, us-
ing a bioresorbable polymer designed by chemists in
which angiogenesis factor, platelet-derived growth fac-
tor, and other cell growth promoters from molecular
biologists are embedded. This artificial scaffold is then
suspended in a bioreactor (a bath with fluid that sup-
ports cell growth), to which is added vascular endo-
thelial stem cells. The stem cells grow and absorb the
scaffold, leaving a living microvascular system; this is
placed into another bioreactor with hepatic stem cells,
and a miniature liver is grown while the blood vessels
are perfused. The result is a tiny portion of a syntheti-
cally grown liver, which is able to support growth and
can produce the products (albumen, globulin, etc.) a
natural liver would produce. The challenge for the
future is to test if this will survive when implanted
in an animal, and whether it will be able to scale up
to a full human-size liver grown from a persons own
stem cells. There are a number of alternate approaches
as well. Using a printed matrix of substrate to attract
promote natural stem cell growth; a stereolithograph
printer that can print a number of different cell types
simultaneously to print an entire organ; and transgenic
pigs that can grow an organ that is not rejected by a
human, as well as other innovations are being investi-
gated. With such a large amount of research from many
different approaches, it is highly likely that in the near
future synthetically grown organs will be available on
demand.

Another successful technique for designing replace-
ment parts for humans is that of intelligent prostheses.
While current orthopedic prostheses, such as hips and
other joints, have been successful for decades, re-re-
placement is often needed because of wear from me-
chanical stress and strain, fracturing, etc. New research
includes microsensors and actuators into prostheses,
which can then respond to the stresses and adjust the
prosthesis to take the strain off the bone and provide
for a more stable and longer-lived prosthesis, or im-
plantable micropumps that can sense blood sugar lev-
els and release insulin to control diabetes [12]. As de-
velopment continues in synthetic (living) or prosthetic
replacement parts for humans, it may be possible to
replace most of the human body with synthetics (cy-
borg). Will there be a threshold reached when a per-
son is more than 90% synthetic replacements, and if
so, will that person still be “human?” What exactly is it
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that determines being human? Is it the flesh and blood
with which a person is born?

3.8 Suspended Animation
The research at the University of Alaska, Fairbanks, of
hibernation has elucidated some key knowledge: Ani-
mals do not hibernate because it is cold; they hibernate
because they control their metabolism and literally
“turn oft” their need for oxygen [13]. The evidence for
the mechanism of action is postulated to be signaling
molecules that arise in the hypothalamus and attach
to the mitochondrial membrane, preventing oxidative
phosphorylation. In a complementary fashion, Safar et
al,, at the University of Pittsburg Center for Resuscita-
tion Research [14], have a reproducible animal model
in which they can exsanguinate the animal to a point
where there is no blood pressure, respiration, or electro-
encephalographic activity (clinical death) and perfuse
the animal with a hypothermic perfusate. Two hours
later, the shed blood is reinfused, the animal regains
consciousness, and 2 weeks later meets all criteria of
normal, including cognitive function. These and simi-
lar projects provide the scientific basis for significant
progress toward suspended animation. Will suspended
animation replace anesthesia? If there is success in
suspended animation for more than a few hours, days,
years, or decades, what are the consequences for soci-
ety? Should all people with terminal diseases be placed
in suspended animation until a cure for their disease

Sector Fig. 3.3 The rate of change in different sectors in
response to disruptive technology

Technology

Business

Society

Healthcare

is found? What happens when a person is suspended
for decades and awakes in the future, e.g., financially,
psychologically, etc.? Will only a few persons be able to
afford this treatment?

3.9 Summary
The future is bright with disruptive technologies, and
the rate at which such technology is being developed
is accelerating logarithmically (Fig. 3.3). Technology
development explodes with a revolutionary scientific
breakthrough, and business is close behind with com-
mercialization plans to profit from the new technology.
However, society is much slower to respond, especially
in addressing many of the moral and ethical issues
raised above. The medical profession is even slower
to respond; there needs to be stringent evaluation and
validation to ensure the new discovery is safe and ap-
plicable to patients. The medical profession is caught
between two conflicting priorities: not providing a
new diagnostic modality or treatment quickly enough,
and not jumping on every bandwagon before the sci-
ence is proven safe and effective for patients (primum
non nocerum). The other aspect of the rapid scientific
development is a society that is not prepared to deal
quickly with the enormous psychological changes, at
both the societal and individual person levels.

The technologies above are discussed in greater
depth in many scientific discourses, as well as in the
following chapters; however, there has been very little
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attention to the consequences of the innovation, either
intended or unintended. These technologies are revolu-
tionary and will take decades to become commonplace.
Likewise, the moral and ethical issues raised by these
disruptive changes will take decades to debate and re-
solve [15]. Now is the time to begin consideration and
debate; if we wait, as in the case of human cloning, the
science will overtake our ability to respond. And the
issues to be addressed are so much more fundamental
than they were in the past, when the focus was on an
individual or society. Some of the technologies chal-
lenge our most basic tenants, such as what it means
to be human, should we design our children, can ma-
chines become human and have rights, and even, what
is evolution? With these new powers from science, the
moral and ethical consequences are even more threat-
ening. For the first time in history, there now walks
upon this planet a species so powerful that it can create
its own evolution to its own choosing: Homo sapiens.
What shall humans choose to become?
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The World Virtual
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Jacques Marescaux and Didier Mutter

The WebSurg World Virtual University originates from
the success of the Institute for Research into Cancer of
the Digestive System (Institut de Recherche contre les
Cancers de I'Appareil Digestif [[RCAD]) International
School of Surgery. The concept of this school is to unify
academic teaching and tutorials delivered by interna-
tional experts able to share and confront their opinions
about the most recent approaches in laparoscopic sur-
gery. To overcome the geographical constraints of the
school located in Strasbourg, France, we had to envi-
sion an original way of reproducing this concept and
make it available anywhere in the world, with no time
and access restrictions whatsoever: The Internet stood
out as the solution.

The new means and modalities of communication
and information technologies have significantly revo-
lutionized the access to surgical education. The in-
troduction of the Internet information highway into
mainstream clinical practice as an information-sharing
medium offers many opportunities to healthcare pro-
fessionals. The Internet favors an easy, worldwide dif-
fusion of scientific information. As a result, daily surgi-
cal practice shows an increase in the use of the Internet
to gather, transform, and disseminate surgical data.

In earlier years, access to information was primarily
done through paper (journals, books, etc.). The impact
of the Internet on information diffusion is indirectly
confirmed by the irritation of the traditional book pub-
lishers facing the intent of Google, one of the major
Internet providers, to digitize and index the library col-
lections of major research universities [1]. The Internet,
with its capacity to federate all networks, is progres-
sively superseding all other education media. In addi-
tion, the Internet appeals to the surgical community
with its main characteristics, i.e., interactivity, multi-
media user-friendliness, and quick access to and low
cost of information. This cybermedicine allows sharing
of data with an unlimited number of Web users includ-
ing patients or industrialists. The notion of universal
information exchange represents the benefit of the
Internet, based on sharing of information. Each user
may find his or her field of interest in the wide range of
data available. Since nowadays almost every physician

4

is connected to the Internet, and thanks to the quality
of specific search engines specialized in medical publi-
cations such as PubMed or ones more generic such as
Google, surgeons have the ability to use the Internet
in their practices. The surgical community can easily
find extensive theoretical and practical information
that may be used in order to acquire, test, and validate
new operative skills from any geographical location in
the world. Physicians, and especially surgeons, spend a
considerable amount of time in educational activities.
It is confirmed by the growing number of continuing
medical education (CME) credit points delivered each
year through educational websites (approximately 10%
of all delivered CME credit points) [2].

Both surgeons and information providers (univer-
sities as well as the industry) quickly understood the
attraction of virtual learning and its convenience. The
Internet allows independent work whenever and wher-
ever possible. Online information is available every-
where, 24 hours a day, and 7 days a week, with no con-
straints of time or space. In this respect, surgeons may
continue to provide care for patients while improving
their knowledge and practice skills. Additionally, they
may remain connected to their favorite website and
concentrate on surgical indications, or watch videos
and descriptions of conventional or new surgical pro-
cedures.

A recent search performed on Google using generic
keywords like “education” and “surgery” listed more
than 9,800,000 websites (Table 4.1). The extraordinary
amount of websites found there represent not only
reputable educational information but also millions of
websites run by individuals, business, advocacy groups,
and clubs, serving different intentions and audiences.
Sorting out such a massive amount of material, one
kernel of medical information often appears to be
frustrating. The frustration raised and unreliability of
certain sources of information drove some surgeons to
develop high-quality, specialized, and dedicated web-
sites. Thanks to such specialization, online educational
activity is gaining more and more acceptance [3]. To
support this evidence, a survey was recently adminis-
tered by Gandsas et al. [3] to members of the Society
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of American Gastro-Intestinal Endoscopic Surgeons
(SAGES). Respondents were recruited to participate
through a mass e-mailing or by visiting www.laparos-
copy.com. In this study, 78% of the respondents used
the Internet to expand their knowledge of surgery, 74%
to learn about the technologies related to the practice
of surgery, and 68% to locate resources for academic
purposes. The power and potency of these dedicated
websites is directly correlated with their quality. We de-
veloped an original multimedia website, www.websurg.
com, whose contents are written by surgeons under the
control and seal of approval of national and interna-
tional scientific societies (Fig. 4.1).

The prerequisites for success have been met: a
technological quality with a real use of multimedia
and, notably, video streaming techniques may be ob-
served. There is also a respect for cultural diversity, and
reliability. Quality is the key factor for success in the
long term, even though its price may be high. Quality
means having the best, most renowned authors whose
content of their chapters and videos must be checked
and approved of by a peer review committee. The peer
review process seems to offer a guarantee of good qual-
ity, but it also has its pitfalls when human behavior is
involved and when disagreement occurs between indi-
viduals. Quality is assured with a strongly built edito-
rial line and is gained over the years. An academic en-
vironment helps to raise quality standards. Many tools
are being developed to upraise the quality of Internet
products [4]. Some authors argue that it may be impos-
sible to guarantee the quality of medical websites [5].

It is easy to point out that quality is poor on the Inter-
net, but today it can be demonstrated that long-lasting
success remains the easiest way to confirm the quality
of specialized websites. A specialized website must in-
clude all the components of an educational system. To
be identified as one of the best educational systems in
the world, it must provide a system of worldwide in-
formation diffusion with the participation of world-re-
nowned experts. The WebSurg site tries to fulfill these
requirements in order to stay at the cutting edge of
the virtual education in minimal access surgery. The
website is geared to represent the model of the Internet-
based virtual university specialized in minimally inva-
sive surgery. The surgical contents are classified into
different fields of surgery (e.g., general and digestive,
urology, gynecology, endocrine, etc.). A wide range of
multimedia technologies helps to maximize presenta-
tions of surgical data.

Table 4.1 Results of Google search, 9 March 2005

Keywords Figures

Training surgery 8,400,000
Education surgery 9,860,000
Laparoscopy surgery 296,000
Laparoscopy education 128,000
Laparoscopy training 116,000

WeBSurg web site

wesSurg woeSurg

WehSurg's World Virtual University

Brand-now! Search engine ovallable..

http://www.websurg.com

Fig. 4.1 WebSurg website

Table of contents
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4.1 Surgical Operative Techniques

The core of the website is made up of surgical operative
techniques. One hundred fifty procedures in minimally
invasive surgery have been described and posted on-
line. The content of these chapters has been designed
for multimedia education and learning. Internationally
renowned experts were invited to write texts and send
ideas for illustrations. Editors and illustrators worked
out an original way of processing such information to
provide topnotch illustrations and pictures suitable for
visualization on any computer screen. New technolo-
gies allow rethinking of the anatomical artwork in or-
der to achieve the best representation from a surgical
standpoint. Dedicated software such as Macromedia
Flash® technology makes it possible to provide anima-
tion to still images. Unlike other media or paper jour-
nals, the Internet offers color illustrations, animations,
and videos, with no limits in size and number. Internet-
based techniques follow the evolution of the technol-
ogy. Every year a new multimedia version permits to
improve the quality of artwork and drawings, to imple-
ment new educational tools, as well as to upgrade the
existing chapters of operative techniques. The world-
wide diffusion of the website mandates an adaptation
to the surgeons’ culture. For this reason, many chapters
are translated into several languages. English, the inter-
national language, is complemented with translations
into French, and Japanese. At the time of this writing,
translation into Chinese was anticipated by the end of
2007. Recently, new software allowed and enhanced

navigation with many functional options including full
screen display of information, slide shows, as well as
an easy and permanent navigation through the entire
chapters of operative techniques with one single mouse
click (Fig. 4.2).

4.2 Video Footage

The training of surgeons is continuously making prog-
ress with the establishment of structured training stan-
dards and criteria to enhance cognitive knowledge by
integration of basic science. This has an impact on the
clinical and operative skills of surgeons. At present
time, videos represent an essential asset of education
in minimally invasive surgery, and the rapid evolution
of the technology allows high-quality video footage to
be made available on the Internet. This possibility will
assuredly strongly modify the access to surgical educa-
tion [6]. The broadcasting of videos through the Inter-
net has been facing technological limits for many years.
However, the high-speed Internet broadcasting at pres-
ent time available (cable and DSL, 512 Kbps and higher)
allows the displaying of high-quality, full-screen vid-
eos through the Internet. As an example, the WebSurg
website gives permanent access to 265 videos of surgi-
cal interventions. The evolution of technologies offered
Web users the choice of video bandwidth compression
for an optimal, high-definition view of the video foot-
age. Each new video published on the website is dis-

Operative techniques

Mg LAPAROSCOPIC COMMON BILE DUCT EXPLORATION: TRANSCYSTIC APPROACH
ettt
Exploration and expoeure

Exposurelright subhepatic ©——Principles
area e

Routine abdominal exploration is camried out after
MOIDECTOMY FOR DIVERT

New design and interface
for navigation in operative techniques

Fig. 4.2 Design of the chapter and interfaces
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3 media formats and bandwidths

Fig. 4.3 Videos and related bandwidths

played in three bandwidths (180, 330, and 800 Kbps)
and in three different player media (Real Player, Win-
dows Media Player, and QuickTime) (Fig. 4.3). The
latest videos released on WebSurg are also chronologi-
cally sequenced, thereby allowing the surgeon to have
direct access to any operative key step in the surgical
procedure. The success of these videos is confirmed
by the rate of hits on the videos, with an increase of
166% in 2004 (from 14,007 in January to 39,618 in De-
cember) (Fig. 4.4). An average visit length of 9 min per
connection represents a tremendous achievement for a
website dedicated to surgical procedures.

4.3 The Voices and Opinions of the Experts

A teaching tool with the objective of reproducing
all aspects of a university school of medicine must
incorporate regularly updated information provided
by world-renowned experts. To ensure and promote
this feature, the website offers more than 500 sequences
of experts’ opinions, where most recognized experts
share their opinion on specific topics in different fields
of surgery on a worldwide scale. Experts’ opinions
represent a huge benefit to any standard teaching tool
that would generally present only one specific author’s
opinion about a given chapter. Multimedia technologies
make it possible to simultaneously show and voice
various experts’ opinions of great expertise in a specific
domain of laparoscopic surgery in order to improve the
richness and value of the delivered information.

WeBSurg ‘weescosc

Laparoscopic ileacecal
resootion for Crohn's disease

4.4 New Improvements for Access

to Surgical Education

Despite the worldwide diffusion of the website http://
www.websurg.com, computer access may be consid-
ered as restrictive. Computers remain heavy structures
and require physical links to provide access to the In-
ternet. Recent developments in wireless access points
(W1iFi) offer the possibility of getting Internet access
without space constraints. On the other hand, most of
the professionals manage their schedules and data on
personal data assistants (PDAs). Thanks to the latest
technological advances, these PDAs allow to display
images and sound. The management of data on Web-
Surg makes it possible to use such technology. Nowa-
days WebSurg can be connected via PDAs, hence not
only increasing its accessibility, but also placing it at
the cutting edge of technology.

Giving access to regularly updated data to a greater
number of healthcare professionals gives them the pos-
sibility of using the latest innovative means of commu-
nication.

4.5 Other Educational Services

The educational sector and value of the World Virtual
University represented by WebSurg is also comple-
mented by the presentation of typical clinical cases
showing outstanding or common data from patients
operated on by laparoscopy.
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WeBSurg Global report
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Fig. 4.4 WebSurg’s report connections: hits, visitors, videos

Validation of knowledge is more and more under
the supervision of governments with their own re-
quirements of nationally approved CME for physicians
in order to maintain medical licensure. In the United
States, the accreditation of CME activities is provided
by the Accreditation Council for Continuing Medical
Education (ACCME) [7]. Today the Internet repre-
sents one of the typical means of obtaining CME. With
the geometric expansion of information exchange via
the Internet, online CME activities have become a new,
inexpensive, and convenient way of obtaining CME
credit hours. According to the 2003 Annual Report
from the ACCME, 8,376 CME activities were obtained
(275 were available online, for a total 34,535 credit
hours). These opportunities were characterized as both
live online webcast and/or enduring materials, directly
or jointly sponsored.

At present, the WebSurg website offers 24 hours of
category 1 credit through different accredited educa-
tional sessions with the partnership of the University
of Mc Master University (Canada). In 2004, 467 web-
site members validated a number of 1,120 CME credit
hours. The WebSurg chapters comply with the require-
ments of the ACCME, since they are structured like a
self-containing learning program that can be viewed
independently. Self-assessment questions in the form
of a posttest follow each learning session and provide
the validation of major concepts in the learning activ-
ity.

Web-based learning is considered an effective, well-
accepted, and efficient means of educating physicians
[8]. It allows for fast access to information, which has

never been realized before. However, the credibility
and reliability of this information remains a factor that
the physician must confirm while obtaining this infor-
mation on the Web. Furthermore, many of the Web
evaluation systems commonly evaluate a website, not
just a webpage. For example, a website may fulfill all
the requirements for an acceptable site, but then only
offer various degrees in the quality of information
given. Therefore, with the current Web evaluation sys-
tems, a verification of the whole site is not possible, nor
is the attribution of a guarantee of quality to the whole
site possible. Because of this, CME chapters must be
validated one after the other for their entire content,
which has sometimes to be partially rewritten or re-ed-
ited to reflect the standard practice but not the innova-
tive technique. Therefore, an entire website cannot be
validated for CME globally.

In the evaluation of websites, the number of active
members and pages viewed are not as important as
the total number of returning visitors. The number of
registered members and pages viewed cannot be con-
sidered the major indicator of guaranteeing quality for
any website. The total number of returning visitors
may appear to be a good token of satisfaction concern-
ing the quality of the scientific surgical content pro-
vided. As an example, the website, www.websurg.com
has over 35,000 registered members and 17,474 active
members who get connected to the website more than
one time in a 12-month time span. In our example, the
number of returning visitors has increased 1,118% on a
monthly basis, from 428 in January 2004 to more than
5,000 in December 2004 (Fig. 4.4). This is apparently
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related to the diffusion of regularly renewed live videos
of surgical procedures. This high rate of return of visi-
tors means that surgeons, when looking for a specific
piece of information on the website, consider the con-
tent of the site as credible and reliable, allowing them
to return on the website for further information.

The sense of quality is also correlated with the In-
ternet connectivity and access speed dependent on
the technology used for hosting and streaming of
information. WebSurg has chosen a high-quality pro-
fessional hosting center. France Telecom technology
offers dedicated servers, allowing high-speed con-
nection as well as security and firewall systems. This
has been made available thanks to redundant server,
load balancer, and a support service working 24 hours
a day. The content delivery network is ensured by
the Akamai Platform, allowing the streamlining and
broadcasting of videos and operative technique chap-
ters all over the world through 14,000 servers located
in 65 countries.

The global quality of the website is also reinforced as
all partners, contributors, and users are in agreement.

The factors that may compromise the reputation of
an information media source were listed by Davis et al.
[9]:

o Publishing material not subjected to a rigorous peer
review process

o Apparent favoritism towards specific authors, insti-
tutions, or even topics

o Strategic placement or advertisement next to rel-
evant articles

+ Frequent publication of symposia or of single prod-
ucts

o Product placement in report on supposedly inde-
pendent studies

« Promotion of sectarian interest disguised as inde-
pendent commentary

o Failure to disclose conflict of interest

“Transgression in any of these areas leads to a rapid
diminution of trust in the journals standards and thus
a falling reputation, a downwards spiral to mediocrity
and scientific marginalization” [9]. Therefore, editors
and authors must acquire and comply with the con-
straints of reading on the Internet. The way of present-
ing information has to be adapted, the text shortened,
and the imagination stimulated for a new way of illus-
tration. The peer review process must also be adapted
to this type of format. The most original part of Web-
Surg’s Virtual University is the possibility of adding
videos of experts’ opinions in a form of peer review.
Therefore, reviewers do not influence the content, but
have the possibility to add further information in order
to moderate the conclusions made by the authors. In
fact, the functions of a website owner and editors of
that site must be different in order to avoid any con-

flict of interest. Advertisement has to be separated
from the scientific content. This aspect pinpoints the
issue of the funding of websites. Educational websites
are not to be compared to the “business-to-consumer”
model. Independent institutions have to establish a
clear partnership with industries, universities, and gov-
ernment institutions to have the possibility of keeping
their independence in the development of the website.
The Internet represents an entirely new media with an
unlimited potential to create, manage, and distribute
knowledge. With this in mind, the re-engineering of
the knowledge base of a standard university led to the
concept of World Virtual University as a service institu-
tion for surgeons. Typically, a single institution cannot
provide all the data for education in any topic. The Vir-
tual University Institution structures and categorizes
knowledge by managing the data available. The role of
the Virtual University is to diffuse this knowledge to its
participants in the most efficient manner possible.

WebSurg, with approximately 30,000 monthly visi-
tors’ sessions, represents an original contribution to
what is now referred to as multimedia e-learning and
e-training by using the latest technologies to display
videos, texts, and illustrations simultaneously. To
achieve such goals, it must be noted that the extraordi-
nary influence of WebSurg is the result of significantly
great effort put into the project by professionals as well
as significant costs. In fact, the development of www.
websurg.com has required a financial investment of
$20 million over a 5-year period, involving over 45 full-
time salaried employees. The success can only be the
result of professional self-commitment and positive at-
titude.

The dramatic worldwide increase in bandwidths
helps to increase the speed of this information, as it is
displayed and stored all over the world. It will certainly
help in the development of nations that had, until re-
cently, under-equipped transmission systems, such
as China or India. It is countries and cultures such as
these that now represent the future economic power of
the world due to their size as these two countries alone
represent a third of the worldwide population. The
very nature of the Virtual University, with its multilin-
gual abilities, follows this and other growing trends to
educate the surgeons of today and the future.
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Chapter

Virtual Reality: Objective
Assessment, Education,

and Training

Anthony G. Gallagher, E. Matt Ritter

Computer-based simulation has been used for decades
in aviation and other professional fields. However, the
last 15 years have seen numerous attempts to introduce
computer-based simulation into clinical medicine. Sur-
gery, and specifically minimally invasive surgery (MIS),
has led the way in the development and application of
this technology in clinical practice. Recently, use of
computer-based simulation for training has expanded
into the multidisciplinary fields of catheter-based, im-
age-guided intervention, enabling both surgeons and
non-surgeons alike to train on new procedures. The
widespread introduction and use of computer-based
simulation is changing the way physicians are trained
and positively affecting the treatments patients receive.
We believe that this revolution represents a paradigm
shift in the way procedural-based medicine will be
learned and practiced.

The terms virtual reality and computer-based simula-
tion are often used interchangeably. Virtual reality, or
VR, commonly refers to “a computer-generated rep-
resentation of an environment that allows sensory in-
teraction, thus giving the impression of actually being
present” [1]. However, VR is probably best defined by
Riva [2], who suggested that it was a communication
interface based on interactive visualization that allows
the user to interface, interact with, and integrate dif-
ferent types of sensory inputs that simulate important
aspects of real world experience. It allows the user to
interact and experience important aspects of the en-
counter rather than simply observing. This interaction
has important learning implications, which is high-
lighted shortly. Although first proposed as a training
strategy for surgery in 1991 by Satava [3], acceptance
of the use of VR for training approach has been slow
due to costs, skepticism within the medical commu-
nity, and the lack robust scientific evidence to support
the efficacy and effectiveness of this training strategy.
However, this is rapidly changing.

The first VR surgical simulator in laparoscopic sur-
gery was designed by Satava (1993) [3]. He developed
it primarily as a training tool to help counteract many
of the difficulties he observed many of his colleagues
were having in acquiring the skills for endoscopic sur-

5

gery. However, because of the limitations in computer
processing capacity, the virtual abdomen was cartoon-
like in appearance. Despite this, the simulation was
realistic in its anatomical and technical accuracy, al-
lowing trainees the ability to practice skills outside the
operating theater in a computer-based environment.

There have been numerous developments in VR
simulators since 1991, and these have been reviewed
elsewhere [4]. However, we believe that more can be
learned from an in-depth analysis of our experience of
one particular simulator, the Minimally Invasive Surgi-
cal Trainer - Virtual Reality (MIST-VR), over the last
decade. Although this represents the experience on a
single simulator that trains and assesses simple surgi-
cal skills, the principles are applicable to all types of
simulators.

One of the things that our experience with this
simulator has taught us is that most surgeons are very
naive when evaluating the functionality of simulators.
Surgeons tend to evaluate simulators on a very superfi-
ciallevel, i.e., does it look like “real surgery,” rather than
how the instruments or tissue behave, how appropriate
the metrics are, or most importantly how appropriate
is the simulation curriculum. In the past, surgeons be-
lieved that there were two important requisites of any
surgical simulator, an accurate depiction of detail and
a high level of interactivity. Many felt that organs must
be anatomically correct and have appropriate natural
properties when grasped, clamped, or cut. Many sur-
geons believed that grasping an object without weight,
shape, or texture made training in a virtual environ-
ment insubstantial. However, the best validated VR
simulator in medicine, the MIST-VR, has demon-
strated these beliefs to be at least partly incorrect.

Another important advantage of computer-based
(including VR) simulators is that objective criteria
must be built into the simulator to support the assess-
ment tools. The student then trains until they reach the
criterion, at which time they are said to have achieved
a proficiency level. The proficiency level is established
by having an experienced (expert) surgeon perform on
the simulator until the surgeon’s learning curve is flat
for two consecutive trials (frequently by the third or
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fourth trial). These values then define the benchmark
criteria, the figure of merit to which the student must
achieve before going to the next task or until complet-
ing training on the simulator and graduating to the op-
erating room.

5.1 Simulation Development:
Lessons Learned

The first important lesson to be learned about the
MIST-VR is that it was developed by a collaborative
group including an engineer (Chris Sutton, London),
the end user, i.e,, a surgeon (Dr. Rory McCloy, Man-
chester), and an expert in curriculum/metrics develop-
ment, i.e., a psychologist (Dr. Bob Stone, Manchester).
Many simulators are developed by an engineer who has
consulted an end user rather than intimately involving
them, and rarely are a curriculum development and
metrics expert involved. Much like a scientific experi-
ment, a simulator is much more difficult to fix at the
end of development than at the beginning. For optimal
development, these groups need to be intimately in-
volved at the outset. The experts must also be cognizant
of the cost implications of their suggestions weighed
against what it truly adds to the simulation. Lastly, in
the development of a simulator, surgeons must give
very serious consideration to the fidelity, i.e., anatomi-
cal realism, haptic feedback, and metrics, they require
for the accruement of clinical benefit. One common
mistake is that the simulation must look ultrarealistic.
In many circumstances, especially when dealing with
basic skills and novices, it is preferable to have a lower-
fidelity graphic representation that accurately trains
and assesses simple skills. Of paramount importance is
to perform a task deconstruction (divide the task into
its simplest components) and task analysis to ensure
that the skills (hand motions, etc.) are correctly pre-
sented to the student in the simplest manner. Once
simple tasks are mastered, then more complex, higher
resolution simulations can be performed.

Our experience with the MIST-VR bears directly
on this point. The MIST-VR system was designed to
develop and assess minimally invasive surgical skills,
using advanced computer technology in a format that
could be easily operated by both tutor and trainee. The
system is composed of a frame equipped with two stan-
dard laparoscopic instruments. This hardware is inter-
faced with a PC running the MIST-VR software. The
software creates a virtual environment on the display
screen and is able to track and display the position and
movement of the instruments in real time. An accu-
rately scaled operating volume of 10 cm® is represented
by a three-dimensional cube on the computer screen.
The overall image size and the sizes of the target object
can be varied for different skill levels. Targets appear

randomly within the operating volume according to
the task and can be “grasped” and “manipulated” [5].

In training mode, the program guides the trainee
through a series of six tasks that progressively become
more complex, enabling the development of hand-eye
motor coordination essential for the safe clinical prac-
tice of laparoscopic surgery. Each task is based on an
essential surgical technique employed in MIS (see
above). Performance is scored for time, error rate, and
efficiency of movement for each task, for both hands.
Every time a trainee logs onto the system a record of
the trainee’s performance is stored in a database, thus
providing an objective record of the trainee’s progress.
The ability to review the database can help the trainer
identify specific areas for further practice. Together
these features of the MIST-VR may help to establish
objective standards of accomplishment and help to
identify when a trainee is ready to enter the operating
theatre. In achieving the proficiency level to graduate
to the operating room, the MIST-VR can be practiced
as often as the student chooses, reviewing the student’s
performance after each trial, and without requiring the
presence of a faculty or observer—the system automat-
ically assesses and reports the performance to the stu-
dent. With little time for faculty to devote to training,
this aspect of simulators is of great value.

5.2 Simulation Training:
Evidence-Based Adoption?

In 1997 both Prof. Sir Ara Darzi’s group at St. Mary’s,
London, and Dr. Tony Gallagher’s group working at
Queen’s University, Belfast, were asked by a large US
laparoscopic instrument manufacturer to conduct a
preliminary evaluation of the MIST-VR [6, 7]. Prelimi-
nary results from both groups were positive. Despite
these encouraging results, the initial response of the
international laparoscopic surgical community was the
MIST-VR simply did not look or feel like laparoscopic
surgery. As a follow-up to this preliminary work, an ex-
tensive list of scientifically robust studies demonstrat-
ing that when training with the MIST-VR was objec-
tively compared to the current standard of training for
the development of laparoscopic skills, the MIST-VR
produced skills that were at least as good as, or good
but usually better than, the conventional training pro-
gram. Despite these studies the surgical community
remained unconvinced. Many skeptics pointed to the
fact that all of these initial studies simply demonstrated
that training on the simulator improved performance
on tasks in the skills laboratory and did not demon-
strate benefits in operative performance. This was a
valid criticism which needed to be addressed. In 2001,
a multidisciplinary team at Yale University conducted a
prospective, randomized, double-blind clinical trial to
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test whether training on the MIST-VR translated into
improved intraoperative performance. The trial com-
pared the performance of a group of residents who re-
ceived standard surgical residency training to a matched
group who received proficiency-based training on the
MIST-VR; that is, the residents trained as many trials
as necessary to reach the criteria and achieve the profi-
ciency level. Both groups then were objectively assessed
on their ability to dissect the gallbladder from the liver
bed during a laparoscopic cholecystectomy [8].

The results of this study showed training on the
simulator significantly improved intraoperative per-
formance. VR trained residents performed the proce-
dure 30% faster and made six times fewer objectively
assessed intraoperative errors when compared with the
standard-trained residents. Although the number of
subjects was small (n = 16), the statistical power of this
effect was 0.9996. These results have been indepen-
dently replicated in Denmark [9].

The response of the surgical community to the re-
sults of this study was mixed; for some this was enough
to convince them that simulation was a powerful
training tool. However, the majority clung to the criti-
cism that while the study was well designed, the small
number of subjects and the fact that only part of the
procedure had been performed reduced its widespread
acceptance. In October 2004 at the [10] Clinical Con-
gress of the American College of Surgeons, another
prospective, randomized, double-blind trial from
Emory University was reported, which used the exact
same experimental design as the Yale study. However,
there were two important differences: in the Emory
study subject’s performance was assessed on the full
laparoscopic cholecystectomy procedure, and the Em-
ory study used only surgical residents in postgraduate
years 1 and 2, whereas the Yale study used residents
in years 1-4. Again, the VR-trained group significantly
outperformed the standard trained groups. We believe
these results demonstrate two very powerful things, the
first being that simulation, when applied correctly to
training, succeeds in improving performance, and the
second is that even a low-fidelity VR simulator such
as the MIST-VR can produce a very powerful training
effect. Why does simulation training produce such a
powerful training effect? The answers lie in the under-
standing of the importance of metrics and application
of simulation adhering to sound principles of educa-
tion and training.

5.3  Metrics for Objective Assessment

Computer-based simulation has several advantages
when compared with conventional methods for sur-
gical training. One of the major advantages of com-
puter-based simulation is that the same experience or

sequence of events can be replicated repeatedly. This
repetition allows the trainee to learn from mistakes in
a safe environment. Another benefit that is probably
equally if not more important is the objective feedback
a trainee can receive from a computer-based simulator.
Since everything a trainee “does” on a computer-based
simulator is essentially data, all actions can be tracked
by the computer. In addition to crude measures such
as performance time, detailed data such as instrument
path length, speed of instrument movement, and the
exact location in space of any instrument at any point
in time is recorded. While this data alone is meaning-
less, it can be used by subject matter experts to create
a set of very robust and objective performance met-
rics. A simulator without metrics is really no better
than an expensive video game. While the main func-
tion of metrics is to provide the trainee with objective
and proximate feedback on performance, they also al-
low the trainer to objectively assess the progress of the
trainee throughout the training process. This allows
the trainer to provide formative feedback to aid the
trainee in acquiring skill. While providing this forma-
tive feedback is currently the most valuable function of
objective assessment with simulation, inevitably simu-
lators will be used for summative performance assess-
ment. This testing will then be used for processes such
as selection and credentialing in the future, much like
knowledge testing is used now. In order for simulators
to be applied to such high-stakes assessment, a much
more rigorous set of metrics is required, and is still in
the experimental phase. When this does come to the
fore it is certain the metrics for that simulator must be
shown meet the same psychometric standards of vali-
dation as any other psychometric test [15].

The formulation of metrics requires breaking down
a task into its essential components (see above: task
deconstruction, task analysis) and then tightly defin-
ing what differentiates optimal from suboptimal per-
formance. Unfortunately this aspect of simulation has
been given all too little attention by the simulation in-
dustry. Drawing on the example from the MIS com-
munity, almost all of the VR simulators use execution
time as a metric. Unfortunately time analyzed as an in-
dependent variable is at best crude and at worst a dan-
gerous metric. If one thinks of performance as being
a function of time and quality, the relationship can be
represented by the following equation:

Quality
Time

Performance ~

Thus, performance is directly proportional to qual-
ity and inversely proportional to time. With this rela-
tionship, if quality is held constant and time decreases,
then performance is improved. Conversely if a large in-
crease in quality is gained from a minimal increase in
time, performance is still improved despite the longer
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execution time. While this is obviously an oversimpli-
fied relationship, it serves to illustrate the importance
of the fact that if time is to be used as a metric, some
metrics to assess quality must also be included.

For example, in the MIS environment, being able to
tie an intracorporeal knot quickly gives no indication
of the quality of the knot. A poorly tied knot can obvi-
ously lead to a multitude of complications. There are
only a few reports in the literature that use objective
quality analysis because of the difficulty in acquiring
this type of information, but this type of information is
greatly facilitated in the computer-based environment.

There is no magic solution to the issue of quality
metrics, and it is almost certain that good metrics will
have to be simulator and procedure specific. For ex-
ample, as we have illustrated, while time alone is not
a crucial metric for MIS procedure performance, time
and the resultant radiation exposure is very critical in
the assessment of performance in many image-guided,
catheter-based procedures where extreme doses of ra-
diation can lead to burns and other dire consequences.

Quality measures can be assessed both inside and
outside of the computer-aided environment. The Im-
perial College laparoscopic group, led by Sir Ara Darzi,
has been researching economy of hand movement for
number of years by an electromagnetic tracking system
they have developed (ICSAD) [11]. What they have
found is that experienced surgeons have a smoother
instrument path trajectory in comparison with less
experienced surgeons. The elegance of this approach
is that the system can be used to assess open as well
as MIS skills. Other groups [12-14] have been using
different metrics such as performance variability and
errors as a key indicator of skill level. Senior or experi-
enced surgeons perform well and consistently—the re-
duction of variability is an extremely important aspect
of a proficient surgeon, so training to be consistent is
as important as training to be proficient.

The most valuable metrics that a simulation can
provide is identification of errors. The whole point of
training is to improve performance, make performance
consistent, and reduce errors. Simulation designers
must take great care to create error metrics that both
train safe behavior as well as not allow unsafe behav-
ior. As mentioned previously, one of the major benefits
of simulation is that trainees are allowed to make mis-
takes in a consequence-free environment, before they
ever perform that procedure on a patient. But if a sim-
ulator allows a trainee to perform an unsafe maneuver
without identifying it as an error, dangerous behaviors
can be trained, possibly becoming difficult to untrain
later. Thus, omitting important error metrics and al-
lowing unsafe behavior must be avoided, and this re-
quires close collaboration with procedure content ex-
perts who are also familiar with simulation. The end
result of a good simulator with well-designed metrics

is a training system where trainees can learn both what
to do and what not to do when operating on patients.
In the didactic part of the curriculum, the student must
be taught exactly what the error is, and then should be
tested (written) to ensure that the student is able to
identify when he or she make an error, before starting
on the simulator. The errors must be quantified so as to
be completely unambiguous. Without robust metrics
the simulator is at best an expensive video game, and at
worst an adverse outcome waiting to happen.

5.4 Education and Training

The current published evidence clearly demonstrates
that VR simulation can improve intraoperative per-
formance. There seems to be some confusion as to
whether simulators educate or train individuals, and
the two terms are often used interchangeably. Simula-
tion is frequently referred to as education rather than
training, or education and training. Although closely
related, education and training are not the same. Edu-
cation usually refers to the communication or acqui-
sition of knowledge or information, whereas training
refers to the acquisition of skills (cognitive or psycho-
motor). Individuals being prepared to perform a pro-
cedure need to know what to do, what not to do, how
to do what they need to do, and how to identify when
they have made mistakes. Most available VR simula-
tors provide technical skills training. They primarily
teach the trainee how to perform the procedure and do
not concentrate on the didactic information that the
physician should know to efficiently and safely deal
with adverse events such as complications or unusual
anatomy. This however is not always the case.

A VR-based training study for carotid angiography
in which preliminary results were reported at Medicine
Meets Virtual Reality 2005, lends support to the power
of VR simulation as both an education and a training
tool. This study compares in vivo hands-on-mentored
catheterization training in comparison with VR-based
training for carotid angiography. The subjects are se-
nior attending interventional cardiologist and fellows.
Preliminary results are very compelling in favor of the
VR-trained group in terms of catheter and wire-han-
dling skills; based on the results of other simulators,
this outcome is what was expected. However, one of
the preliminary findings that we were not expecting is
that the VR-trained group outperformed the standard
training group with respect to acquiring the appropri-
ate cranial and vasculature fluoroscopic images during
the assessment procedure. This is not really a techni-
cal skill but rather knowledge-based skill. On consid-
ering this finding, the most reasonable explanation is
that the VR trainees were acquiring knowledge about
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important aspects of the procedure such as order and
image orientation while they were as a priority acquir-
ing the technical skills. So while the benefit of VR as a
training tool has been well demonstrated, its power as
an educational tool may currently be underestimated.

5.5 Simulation Fidelity:

Are Graphics Enough?

While one of the advantages of training on a high-fi-
delity, full-procedural simulator may be additional
knowledge accrual, this should not be interpreted as
a mandate that all types of computer-based simulation
must be high-fidelity. In reality, there are many other
means of conveying this knowledge-based information
that will be equally or more effective with consider-
ably less cost. The main function of a simulator is, in
fact, that the cognitive component of technical skills
training should be acquired prior to the psychomotor
skills training on the simulator. As simulator fidelity
increases so does the price of some current high-fi-
delity simulators, costing anywhere from $100,000 to
over $1 million. Thus end users of surgical simulation
must assess how much fidelity is required to achieve
the greatest return on investment. The data from the
MIST-VR clinical trials clearly demonstrate that a low-
fidelity simulator can consistently improve intraopera-
tive performance. However, this does not mean that
simulation fidelity is unimportant. Consider, a straight-
forward laparoscopic cholecystectomy performed by
a surgical resident under the direct guidance of an
attending/consultant surgeon in the operating room.
This is not a particularly high-risk training situation,
and the risk of a life-threatening or life-altering com-
plication is very low [16]. Conversely, an endovascular
surgeon performing a carotid angioplasty and stenting
procedure carries much more risk. Results from the
only multispecialty prospective randomized trial on
this procedure performed by experienced physicians
showed that the risk of stroke or death at 30 days was
as high as 4.6% [17]. In a high-risk procedure such as
carotid angioplasty and stenting, the fidelity of the sim-
ulator should be maximized in attempt to replicate the
exact procedure as closely as possible to take every step
possible to minimize patient risk.

Another important point to make about fidelity of a
simulator is that fidelity goes beyond computer graph-
ics and presentation. Unfortunately many surgeons
are overawed by and place too much emphasis on the
pure graphics aspect of the simulator. In a high-fidelity
simulation, the tissue and instruments should behave
as close as possible to how they would in a patient. The
instruments must not behave as if there is a predefined
path for them or automatically tie the knot, and tissue

behavior should also be as realistic as possible. A high-
fidelity simulator must allow the trainee to make mis-
takes (both cognitive and psychomotor skills) and learn
from these mistakes and the trainee’s performance
must be meaningfully quantified, with well-thought
out metrics that distinguish between those who are
good at the procedure and those who are not. A robust
but very simple toolkit of reports for the analysis of
performance should be incorporated into the simula-
tor to give clear and easily understood feedback when
an error is made. If surgeons ignore or fail to appreciate
this issue, we risk spending large amounts of resources
for simulators that will not meet our needs.

5.6 Simulation as Part of the Curriculum
Whether a high-fidelity, full-procedural or low-fidelity,
basic training simulator is purchased, it should be re-
membered that it is only a tool that must be integrated
into a well-developed curriculum to be effective. Inap-
propriate application of simulation will lead the user
to the erroneous belief that simulation does not work.
So how should simulators be appropriately applied to
a training curriculum? The goal of current simulation-
based training is to create a pretrained novice. This
term describes an individual who may have little or
no experience with performing the actual procedure,
but who has trained to the point where many of the
required fundamental skills have already been mas-
tered. With this accomplished, the trainee can devote
nearly all of his or her attentional resources to learning
the details of performing the actual procedure, such as
how to identify the correct dissection planes or how to
gain exposure in the operative field instead of concen-
trating on what his or her hands are doing. This results
in optimization of the operating room experience, re-
duces frustration of both the trainee and mentor, and it
should result in accelerated learning.

To achieve this goal, a training curriculum must be
structured to optimize the skills gained from the simu-
lator. Any valid simulator will have the ability to distin-
guish between the performance of individuals who are
already proficient at the skill being trained, and those
who are not. Using the carefully developed metrics and
setting the criteria by which the figure of merit for the
proficiency level is determined as discussed previously,
the simulator can then objectively assess and quantify
the performance of the proficient individual. This ob-
jectively determined proficiency level can then be used
as a goal for those training on the simulator and in fact,
this is the key aspect of implementing a successful sim-
ulation training curriculum. Training on the simulator
should not be complete until the trainee has reached
an objectively established level of proficiency.
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As a guide to curriculum development, the design
of any curriculum should contain 6 sequential parts:
(1) anatomy instruction, (2) steps of the procedure, (3)
identification of errors, (4) a written test to insure cog-
nitive knowledge, (5) skills training and assessment on
the simulator, and (6) results reporting and feedback
to student.

5.7 Training to Proficiency on a VR Simulator

The traditional way that simulation has been applied
to training is through a prescriptive approach. Typi-
cally the trainee is required to train for a prespecified
number of trials or number of hours. However, all that
this approach achieves is considerable variability in
posttraining skills [18]. Individuals start from different
baseline skill levels, they learn at different rates, and
some are more gifted than others. Simulation allows for
leveling of the playing field and sets a skill benchmark,
which as individual can reach at his or her own pace.
Individuals should also not be allowed to progress to
the next phase of training until they demonstrate they
are performing proficiently and consistently. When set-
ting the proficiency level, the surgeons used to set the
standard do not need to be the best of the best; rather,
they should reflect a representative sample of the profi-
cient population. If the proficiency level is set too high,
trainees will never reach it and if set too low, an inferior
skills set will be produced. Ideally, proficiency levels
should be set nationally or internationally. While na-
tional or international proficiency levels on VR simula-
tors may be some way off, proficiency levels can be set
locally in each training program or hospital. The Yale
VR to OR study and the Emory VR to OR study has
shown the power of this approach [8, 10]. The whole
point of training is not simply to improve performance,
but also to make it more consistent. Indeed performing
well consistently is emerging as one of the key indica-
tors of training success [8, 12].

Proficiency-based training as a new approach to the
acquisition of procedural-based medical skills took a
giant leap forward in April 2004. As part of the roll-out
of a new device for carotid angioplasty and stenting,
the US Food and Drug Administration (FDA) man-
dated, as part of the device approval package, metric-
based training to proficiency on a VR simulator as the
required training approach for physicians who will be
using the new device [19]. The company manufactur-
ing the carotid stent system informed the FDA that
they would educate physicians with a tiered training
approach utilizing an online, multimedia, didactic
package, and training of catheter and wire-handling
skills with a high-fidelity VR simulator, using a curric-

ulum based on achieving a level of proficiency in both
the didactic and technical areas. What this approach
allows is for training of physicians who enter train-
ing with variable knowledge, skill, and experience, but
leave with objectively assessed proficient knowledge
and skills. This is particularly important for a proce-
dure like carotid angioplasty and stenting, as it crosses
multiple clinical specialties with each bringing a differ-
ent skill set to the training table. For example, a vascu-
lar surgeon has a thorough cognitive understanding of
vascular anatomy and management of carotid disease,
but may lack some of the psychomotor technical skills
of wire and catheter manipulation. Conversely, an in-
terventional cardiologist may have all of the technical
skill, but may not be as familiar with the anatomical
and clinical management issues. A sound training
strategy must ensure that all of these specialists are
able to meet an objectively assessable minimum level
of proficiency in all facets of the procedure. We believe
that this development represents a paradigm shift in
the way procedural-based medicine is trained and will
result in a reduction in turf wars concerning future
credentialing for new procedures. As long as a physi-
cian is able to demonstrate that he or she possesses the
requisite knowledge and skills to perform a procedure,
specialty affiliation will become irrelevant. Overall, we
see this development as a good thing for surgery, pro-
cedural-based medicine, and for patient safety.

5.8 Conclusion

Computer-based simulation or VR simulation in
surgery has been around for more than a decade and
a half, but has only recently begun to gain momentum.
Despite considerable early skepticism, there is now a
growing body of level 1 objective evidence to show that
properly applied computer-based simulation training
strategies can improve performance of surgical trainees.
Developing simulators to produce these results is not
easy and must be done collaboratively with experts in
computer science, engineering, medicine, and behav-
ioral and educational science to produce a robust train-
ing tool. Graphics and good looks are not enough, and
robust metrics must be in place to help trainees learn
both what to and what not to do. Finally, simulation
must be incorporated as a piece of an overall education
and training curriculum designed to produce a pre-
trained novice with consistently reproducible skills.
Ironically, a training solution [20] that was proposed
more than a decade and a half ago to help solve skills
problems in laparoscopic surgery is helping to change
the training paradigm in all of procedural based medi-
cine. It is an approach to training that his here to stay.
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Chapter

Organizing Surgical
Simulation Centers
in Response to Disruptive

Technologies

Mark W. Bowyer*

Medical knowledge continues to expand rapidly, and
surgeons are faced with increasing numbers of surgi-
cal procedures that must be learned and mastered. This
revolution is occurring against a backdrop in which
practitioners are required to become more efficient
in patient care, with fewer hours available for teach-
ing and learning. The added pressure of reduced work
hours has led to limited options for responding to new
disruptive technologies. When a new procedure such
as laparoscopic cholecystectomy is introduced, how
can large numbers of practicing surgeons and residents
in training be trained to be safe and efficient without
compromising patient care? The American College of
Surgeons (ACS) has recognized this problem and has
formulated an ad hoc committee to create a model for
what will ultimately be ACS-approved regional skills
centers that will offer surgeons, surgical residents, and
medical students opportunities to acquire and main-
tain surgical skills, as well as learn new procedures and
the use of emerging technologies.

Thomas Russell, the current executive director of the
ACS, stated “The competitive surgeon of the next 10
to 20 years will need to possess a different set of skills
than we have needed in the past” [1]. Dr. Russell has
suggested that the use of simulation will provide early
exposure to medical students, piquing their interest in
a surgical career. Resident education will involve the
use of simulators and experiences outside the operat-
ing room (OR) to enhance the core competencies and
move the learning process away from the traditional
approach of “see one, do one, teach one” to “see one,
practice many, and do one” [1]. The surgeon of the fu-
ture will be required to have periodic cognitive testing
every few years as well as testing of their technological
skills with the use of simulators as they progress in their
careers. The acquisition of new surgical skills in prac-
tice will be much more structured in the future. The
practice of industry-sponsored short courses with rapid
introduction into clinical practice will no longer be ac-
ceptable. Surgeons will likely be required to undergo
retraining in regional centers in which skills can be
learned through validated multimodality curriculum.

6

A prime example of this is the carotid stenting proce-
dure, which was recently approved by the US Food and
Drug Administration (FDA). The new twist to this is
that the FDA (for the first time) has mandated that all
practitioners must train “to proficiency” on a simulator
before they can perform the procedure on humans [2].

There is clearly an obvious need to develop skills
centers to respond to the educational needs of new
and potentially disruptive technologies. This chapter
makes the case for the use of simulation to meet the
educational needs of surgeons in the future, with a
brief overview of the current state of simulation and
simulators. In addition, a view of how centers should
be organized in the future to meet these needs will be
proposed, using an existing facility, the National Capi-
tal Area Medical Simulation Center, as an example of
one institutions attempt to meet the challenge of re-
sponding to disruptive technologies.

6.1 Making the Case for Simulation

for Medical Education

In 2000, the Institute of Medicine released its report
“To Err is Human: Building a Safer Health System” [3].
This study noted that at least 44,000 Americans die
from medical errors every year. As part of the plan for
improvement, the authors stated in their recommen-
dations that health care organizations should incor-
porate proven methods of training such as simulation.
Though it may be too early to conclude that simulation
in general is a “proven” method, this report certainly
has placed the onus on the medical community to
challenge the traditional medical education approach
and address methods for reducing medical error.

The traditional surgical training method of see one,
do one, teach one, in and out of the OR has recently
undergone reappraisal. Studies have shown that for a
variety of diagnostic and therapeutic procedures, clini-
cians doing this first few to several dozen cases are more
likely to make a greater number of errors (the learning

* The opinions or assertions contained herein are the private views of the authors and are not to be construed as official, or as reflecting the
views of the Department of the Army, Department of the Navy, the Advanced Research Projects Agency, or the Department of Defense.
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curve) [4]. Some might argue that it has become un-
reasonable that patients be victims of medical invasive
procedural training. On-the-job training with patients
can result in prolonged invasive procedures, a potential
for erroneous diagnoses, increased patient discomfort,
and increased risk for procedure-related morbidity [5].

In many ways, the OR is a poor classroom for learn-
ing surgical skills. By necessity, there are several dis-
tractions, most having nothing to do with education,
that take priority (patient issues) [6]. In general, the
opportunity is underused [7]. The surgical mentor may
not be a good teacher. In the OR, the teaching session
cannot always be well designed or predicted. The case
at hand may not be well suited for the learner. The prog-
ress or sequence of the operation cannot be altered to
satisfy educational goals. Dissection and exposure can-
not be performed for demonstration only. Steps may
not be repeated, and the patient cannot be reassembled
to start over if failure occurs [7]. In addition, fiscal
constraints have resulted in pressure to achieve a high
turnover in the OR, allowing less time for the attending
staff to teach and trainees to practice skills [8]. Bridges
and Diamond [8] have estimated that the annual cost
of training chief residents in the OR amounts to more
than $53 million per year, and suggest that adjunctive
training environments that use traditional and virtual
teachings aids may alleviate cost over time. In addition
to time constraints, one cannot neglect the ethical is-
sues of teaching and learning using patients [9].

There are tremendous advantages to training out-
side the OR. The learning environment is more easily
controlled and adjusted. The learning situation can be
tailored for each student’s needs and can be altered on
a minute-by-minute basis to create the desired effect.
Perhaps the most valuable part of this training is grant-
ing “permission to fail” in a safe environment where
there is no risk to patients. Studies have uncovered
significant problems with the current surgical educa-
tion curriculum. These include lack of continuity from
undergraduate to graduate surgical education, and the
lack of supervision when acquiring physical examina-
tion skill, ultimately resulting in poor performance
[10-12]. An innovative educational tool, the Objective
Structured Clinical Examination (OSCE) has proven
useful in the evaluation of the clinical competence of
surgical residents [13].

Surgical simulators have, perhaps, the best poten-
tial to mitigate surgical risk related to the educational
process. A surgeon will be able to practice new pro-
cedures repeatedly until he or she is judged proficient
without endangering patients. The surgeon can also be
presented with cases of increasing complexity as his or
her skills progress during training. Computer-based
surgical simulators offer the potential for including
operative cases representing all known anatomic varia-
tions. The training program director can use the simu-
lator and its student tracking software to ensure that

each graduating resident has seen and dealt with all
the pertinent anatomic variations for that surgical spe-
cialty [14]. Using simulation, mistakes would lose their
consequences and become ways to learn. A master sur-
geon’s trick of the trade or critical maneuver during an
operation could be learned in situ by every simulation
user. The opportunity to learn something new this way
has never before been available to medicine [15].

Another potential justification of virtual reality (VR)
training is reducing the length of a surgical residency
program. Currently, these training programs require
five or more years in order to permit adequate exposure
to a variety of technical procedures and decision-mak-
ing situations. Training programs are currently time
limited and not proficiency based. VR training could
potentially reduce 5-year residency programs, because
residents would not have to wait for clinical cases to ap-
pear. Instead, he or she could call up a variety of cases
and perform the procedure in VR several times before
doing so on a human [16]. One of the added attrac-
tions of simulation is that training programs might be
able to correct for case-mix inequalities, so that what
one learns in residency no longer depends only on
what comes through the door when on call [15]. Flexi-
bility is important for mastery of skills. Simulation may
well offer the additional flexibility required. Though
currently costly to implement on a large-scale, simula-
tion offers great promise in future reduction of errors
(and malpractice suites), reducing (or eliminating) the
use of animals, and helping to establish standards for
certain procedures.

An additional, and perhaps increasingly crucial, role
of simulation may well be the assessment of possible
decline in the skills of older surgeons. Measuring tech-
nical competence through VR could also be applied to
older surgeons. As surgeons age, manual dexterity can
decline, but it has always been difficult to objectively
assess these skills. There is currently no mechanism to
determine when these skill levels have deteriorated to
the point where the surgeon should not be allowed to
operate [16]. This decline in skills and judgment has
traditionally been assessed by individual surgeons or
chiefs of services. A mature, validated system of sim-
ulation-based education could offer for the first time
a lifelong log of performance on standardized tech-
niques, allowing measurement of skills independent of
age or other arbitrary milestones [15].

6.2 Simulation and Simulators for Medical
Education: Past, Present, and Future

VR is a computer-based, simulated environment in
which users interact with a high-performance com-
puter, graphics, specialized software, and devices pro-
viding visual, tactile, and auditory feedback, thereby



Mark W. Bowyer

Chapter 6 Organizing Surgical Simulation Centers in Response to Disruptive Technologies

37

simulating a true-life environment. VR-simulated
environments allow trainees to repeat procedural ex-
periences at their own leisure. These exercises or pro-
cedures would otherwise require numerous real-life
encounters and costly hours of supervision [17].

A commonly recognized type of VR experience is
that of flight simulation. In the aerospace, aviation, and
defense industries, flight simulation is mandatory be-
fore pilots assume flight responsibilities. In addition,
flight simulation is regularly used to help commercial
airline pilots maintain their skills, or to become famil-
iar with problems they might one day encounter.

Haluck et al. in 2001 [18] noted that virtual envi-
ronments and computer-based simulators, although
well-established training tools in other fields, have
not been widely incorporated into surgical education.
Concerns over the lack of validation, the cost, and find-
ing time for residents to participate were cited as con-
cerns. There are four major areas in medicine where
VR is beginning to emerge: (1) assistance before and
during medical surgical procedures, (2) medical edu-
cation and training, (3) medical database visualization,
and (4) rehabilitation [19].

For the most part, the advantages of flight simulators
hold equally true for surgical simulators [19]. Surgical
simulators can provide a concentrated environment
that lends itself to learning complex tactile maneuvers
in a relatively quick and proficient manner. Moreover,
simulation of infrequent but highly hazardous events
provides experience in handling these scenarios that
may not be available during a period of routine flight
or surgical training [20]. The ideal surgical simulator
should provide the following: it can be customized to
the needs of the student, the variety of cases during
training increases significantly, and the student can
chose to train only the difficult part of the surgery and
repeat it as often as necessary [20].

Satava [19] has described five components that con-
tribute to the realism of a virtual surgical world: fidelity,
organ properties, organ reaction, interactivity, and sen-
sory feedback. He predicts that the future holds prom-
ise of a virtual cadaver nearly indistinguishable from
a real person [19]. This concept is referred to as the
Turing test, a standard test that means to determine if
a computer could be created that responds the way a
human would respond such that a human could not
tell the difference between the computer and a human
[21, 22]. The VR Turing test would be met if an inter-
rogating human could not tell the virtual human apart
from the real human by sight, hearing, or touch, even
dissection [20].

Current simulators do not yet meet the criteria of the
Turing test. It is conceivable that future improvement in
computing power and decreased costs of such technol-
ogy will allow for development of such realism in a vir-
tual environment. That being said, the level of fidelity
required to meet the Turing test is likely not necessary

to develop useful simulators that will teach useful skills
in a validated fashion. In fact, many simulators are cur-
rently being used to teach medicine and range from low
tech (inexpensive) to increasingly high tech, with cor-
responding price tags. The future use and development
of simulation will depend in large part on validation of
their effectiveness as training tools and to a certain ex-
tent the adoption of simulation by the various medical
and surgical boards and societies. As organizations and
institutions realize the potential cost savings (in dollars
and lives) of training with simulation, investment from
both private and public sources should follow.

Surgical skills laboratories have been successfully
used for decades [10]. They were first introduced with
simple tie-and-suture boards and pigskin suturing
models in the 1960s [23]. Multiple tools and materi-
als have been used since [24]. All of these skills labo-
ratories require a clear curriculum and constructive
feedback in order to be effective [25]. As one begins to
organize a surgical skills center, the focus must be on
curriculum with the choice of simulation and simula-
tors based on fulfilling that curriculum.

Numerous simulators and VR training devices are
currently available for training surgeons. Some of these
are simple and inexpensive, while others are complex
and costly. Simulators encompass everything from
simple skills trainers such as knot-tying boards to
part-task trainers such as a chest tube trainer, up to full
procedural trainers that allow for training a complete
laparoscopic or endoscopic procedure. Though by no
means comprehensive, the following represents some
of the types simulators that are currently available for
teaching surgeons with a brief discussion of their util-
ity (where applicable) for training.

6.2.1 Bench Models

Animal laboratory animal facilities are not accessible
to all. Using animals to practice surgical procedures is
prohibited in the United Kingdom. Martin et al. [26]
have compared their open surgical bench models with
performance of similar tasks in live anesthetized ani-
mals. Their correlations between scores on bench and
live examinations were high, validating their bench
models.

6.2.2 Laparoscopic Skills

The teaching of laparoscopic skills to surgeons has
been a fertile ground for simulator development. One
of the major reasons for this is that it is much easier
to suspend the trainees’ disbelief, as the actual proce-
dure is done using long instruments while viewing a
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two-dimensional image on a monitor. Additionally,
most of the haptics required is a result of movement
of instruments through trocars, which is relatively easy
to duplicate.

Fried et al. [27] have shown that performance by
postgraduate year (PGY)-3 residents in an in vitro
laparoscopic simulator correlated significantly with
performance in an in vivo animal model. Likewise,
practice in the simulator resulted in improved perfor-
mance in vivo.

Hytlander et al. [28] have shown that training nov-
ice surgeons on the LapSim (Surgical Science) laparo-
scopic simulator translated to improved basic laparo-
scopic skill performance in a porcine model, suggesting
that skills learned on a simulator can be transferred to
the OR.

Scott et al. [29] demonstrated that junior surgical
residents who had formal laparoscopic skills training
had improved operative performance with laparoscopic
cholecystectomy more than did their nontrained peers.

In an important article in 2002, Seymour et al. [30]
validated the transfer of training skills from VR to
OR, by showing that residents who were pretrained to

“expert criterion” on the Minimally Invasive Surgical
Trainer - Virtual Reality (MIST-VR) performed bet-
ter in the OR than did their non-VR-trained counter-
parts, with significantly less failure to progress, injury
to gallbladder, burning of non-target tissue, and fewer
errors. This was one of the first studies to demonstrate
that individuals who train on a simulator can translate
those skills into improved performance and outcome,
a finding that should help further ignite enthusiasm
(and funding) for skills training centers.

6.2.3 Gastrointestinal Endoscopy

Endoscopic procedures have also been fertile ground
for development of high-fidelity simulators. As with
laparoscopy, these procedures entail interaction with a
patient through an instrument (the scope) with visual-
ization on a monitor. For more than 30 years, different
types of simulators, including mechanical [31], animal
[32], animal-part [33], and computer-based models
[34] have been used to teach and learn endoscopic pro-
cedures. The goals of simulator-based teaching methods
should be the acceleration and improvement of train-
ing in endoscopy for beginners, the maintenance of
competency with endoscopic procedures, and testing of
new procedures prior to performance on a patient [35].

One such virtual endoscopy simulator (GI-Mentor,
Simbionix, Tel Hashomer, Israel) has been shown to be
capable of identifying differences between beginners
and experts in gastrointestinal endoscopy. Training
on this simulator for 3 weeks improved performance
of beginners significantly in a study conducted by Fer-

litsch et al. in 2002 [35]. In a separate study, Ritter et
al. [36] have shown that the GI Mentor simulator can
distinguish between novice and intermediate endosco-
pists. They concluded that the simulator assesses skills
with levels of consistency and reliability required for
high-stakes assessment.

6.2.4 Endonasal Surgery

Edmond [37] reported that training residents on an
endoscopic sinus surgical simulator had a positive im-
pact on OR performance among junior otolaryngology
residents. In contrast, Caversaccio and colleagues [38]
reported that an endonasal surgery simulator allowed
junior surgical trainees to better understand the anat-
omy, but failed to make an impact on OR performance.
They cited some of the limitations of the particular
simulator, including absence of force feedback and
considerable time consumption.

6.2.5 Urology

Matsumoto [39] demonstrated a positive effect of train-
ing at the surgical skills laboratory on endourological
skills. Jacomedies et al. have suggested that virtual
ureterscopy simulator training may allow beginning
urology residents to shorten the initial learning curve
associated with ureteroscopy training [40].

6.2.6 Bronchoscopy

Bronchoscopy training on a simulator readily includes
deliberate action, reaction, opportunities for repeti-
tion, correction of errors, and ability for individual-
ized learning, all key components to the educational
process [5]. Rowe and Cohen [41] demonstrated that
training on a bronchoscopy simulator translated into
improved performance on subsequent fiber optic intu-
bation in children.

6.2.7 Anesthesiology

No other specialty to date has embraced simulation as
actively as has anesthesiology. The emphasis has been
on team training and crisis management more than on
specific skills.

Chopra et al. [42] demonstrated that anesthesiolo-
gists trained on a high-fidelity anesthesia simulator re-
sponded more quickly and appropriately when han-
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dling a crisis on a simulator. Controlled studies involv-
ing humans to validate this finding would present an
unacceptable risk, however. Further development of
the simulation concept evolved out of the recognition
that two thirds of all accidents or incidents in anesthe-
sia can be attributed to human error. To counter this,
Howard and colleagues [43] developed a training pro-
gram entitled Anesthesia Crisis Resource Management
in order to optimize anesthesiologist and team perfor-
mance during stressful incidents. Success in this arena
has led to the use of mannequin-based simulators in
surgical training as an alternative to “real” trauma re-
suscitations for teaching teamwork and crisis-manage-
ment skills [10, 44].

Several other simulators are currently available or
under development for a variety of medical specialties.
It is beyond the scope of this chapter to present these in
detail. Suffice it to say that more of these will become
available with increasing realism and sophistication
in the very near future. Perhaps the greatest lesson to
be learned as we utilize these new technologies is that
although VR enhances training, it does not replace ex-
isting methodology. A considered synthesis of the two,
however, inevitably requires that we redefine the idea
of what constitutes a complete medical education.

VR systems introduce the alluring possibility of a
completely objective measurement and assessment of
the trainee’s ability. As the cost of simulators is still
quite high, very few institutions can afford to obtain
and maintain a large inventory that may be necessary
to meet the needs of all surgical learners. As such, the
idea of regional centers makes sense. The exact make-
up of such a center will depend in large part on the
needs of the learners and the resources available. The
most logical approach to developing such a skills cen-
ter is to identify the population to be trained, the skills
that they need, and then develop robust curriculum
to meet those needs. Only then should consideration
be given to what simulators to purchase to meet those
needs.

In other words, the curriculum should dictate the
simulators and not vice versa. The remainder of this
chapter is devoted to looking at a case study of how one
institution has responded to the challenge of training
for disruptive technologies by constructing a compre-
hensive simulation center. This example is by no means
meant to be prescriptive, but will hopefully serve as an
example of things that must be considered when orga-
nizing such a center.

6.2.8 Case Study: The National Capital Area
Medical Simulation Center

The National Capital Area Medical Simulation Center
(NCAMSCQ) is part of the Uniformed Services Uni-

versity of the Health Sciences (the United States’ only
military medical school) located in Bethesda, Mary-
land. Officially opened in April of 2000, the Center
uses a variety of medical simulation approaches and
technologies to teach and evaluate clinical and surgi-
cal skills. Its target population consists of medical and
nursing students, interns and residents, and practicing
physicians. The NCAMSC is the first single location
to integrate the use of VR technology, computer-con-
trolled mannequins, and human-simulated patients
under one roof. The Center is contained in roughly
11,000 contiguous square feet and is divided into four
functional areas. The floor plan of the center is shown
in Figure 6.1.

The Center is divided into four functional areas.
These are the Administrative Area, the Clinical As-
sessment Laboratory, the Computer Laboratory, and
the Surgical Simulation Laboratory. Each distinct area
can sustain educational activities on its own, and when
necessary integrate the operations of the entire Center
for a more comprehensive approach. All of the func-
tional areas have been designed to maximize students’
access to clinical experience in a state-of-the-art learn-
ing environment.

6.2.8.1 The Administrative Area

The administrative area of NCAMSC is the hub of the
Center. It incorporates the administrative offices as
well as the video teleconference room or VTC Room.

The Administrative Area serves as the hub for daily
operational concerns such as personnel, budgeting,
and resource allocation. This area houses the offices of
the Center to include the medical director, the director
of clinical skills/standardized patient training, and the
administrative director.

The VTC is the Center’s audio/video entry and exit
point to the outside world (Fig. 6.2) Equipped with
state-of-the art video teleconferencing equipment, any
of the video signals from around the center can be
routed through this room and sent to all connected
sites anywhere in the world. This allows remote sites to
participate and review many of the exercises that take
place in the center.

This room is also equipped with a “telecommuting’
conference table, which allows up to 12 students, fac-
ulty, or visitors to connect their laptops to any of the 12
local area network ports for high-speed Internet access.
The table is also outfitted with 16 headphone ports, al-
lowing various audio exercises that permit instructors
and students to sample the same audio files simultane-
ously for review and discussion. As a standard confer-
ence room, it is also equipped with slide-to-video con-
verter, document camera, and VCR.

]
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Fig. 6.1 The floor plan of the National Capital Area Medical
Simulation Center. The Center contains a video teleconferenc-
ing suite (VTC), an administrative area, a virtual reality (VR)

6.2.8.2 Clinical Assessment Laboratory

The clinical assessment laboratory is designed for
teaching and evaluating students in the basic clinical
skills of history taking, physical examination, com-
munication, and interpersonal skills. Here simulated
patient encounters provide an ideal transition from
the classroom to real patient contact. The clinical as-
sessment laboratory also prepares students for the US
Medical Licensure Examination. An additional three
standardized patient trainers are employed to ensure
the smooth operation of this area. This area consists of
four sub sections.

The Orientation Room is used to brief students.
Ceiling-mounted, drop-screen and LCD projectors are
used to display PowerPoint and/or video presentations

lab, a virtual operating room (OR), a 16-station computer lab,
and a 12-room standardized patient exam area with a central
control/monitoring area

for orientation, registration, and briefing the students
on specific event protocols. Here students are regis-
tered for clinical events through a login process that
tracks them throughout their activities.

The Clinical Exam Room Area consists of 12 exam
rooms that serve as the simulated clinical environment.
There are ten regular (120 NSF) exam rooms and two
large (220 NSF) rooms with hospital beds that can be
used for inpatient and/or critical care simulation. The
large rooms are also suited for trauma simulation and
small-group teaching events.

In the Clinical Exam Room Area, students have the
opportunity for live patient encounters that simulate
specific challenges in outpatient, inpatient, or critical
care settings (Fig. 6.3). Specifically, individuals (re-
ferred to as standardized patients) are hired and trained



Mark W. Bowyer

Chapter 6 Organizing Surgical Simulation Centers in Response to Disruptive Technologies

|

Fig. 6.2 The Video Teleconferencing Room (VTC) of the National Capital Area Medical Simulation Center

Fig. 6.3 Clinical Exam Rooms in the National Capital Area Medical Simulation Center. Here “standardized” patients are being
examined by medical students

to simulate scripted clinical cases. These clinical cases
may be simulated using performance, make-up, or real
conditions and sometimes a combination of all three.

Each exam room is equipped with two video cam-
eras and microphones that permit encounters to be
recorded for subsequent analysis. Each room also con-
tains a computer for each patient and a wall-mounted
computer located outside of the room for each student
to use for pre- and post-encounter documentation.

Typically, clinical exams are designed following a di-
rective to achieve specific educational goals. The stan-
dardized patient trainers and the medical director col-
laborate with faculty members to create projects that
meet stated educational goals.

The Monitoring Area is at the center of the Clinical
Exam Room Area and allows the standardized patient
trainer and faculty instructors to monitor the progress
of clinical exams. A specialized video router controls
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Fig. 6.4 a The control panel that allows for optimal positioning of the camera’s in the patient exam room. b The central monitoring
area allows faculty to view single or multiple rooms from one location

24 videotape decks that track students as they move
from room to room. A touch-screen control panel
permits cameras to be positioned for optimal imag-
ing (Fig. 6.4). Faculty and students are able to view
the encounter through one-way mirrors outside each
room or from central monitors that allow monitoring
of multiple rooms simultaneously (Fig. 6.4). Faculty
and students may also review and learn from recorded
tapes as if they were in the room, allowing for more
detailed observation and dynamic feedback. The moni-
toring area is also used for training simulated patients.

The Standardized Patient Lounge is a staging area
for simulated and standardized patients to prepare and
relax. This area is required as patients often use the-
atrical makeup to simulate traumatic injuries or other
conditions.

6.2.8.3 Computer Laboratory

The Computer Laboratory has two sections, the Com-
puter Laboratory itself and an adjacent Control Room.

The Computer Laboratory has two primary func-
tions. The first is to identify, develop, and/or use
medical education software that contributes toward
clinical or medical readiness skills. The second is to
provide an environment in which computer-based,
interactive clinical examinations can be administered
(Fig. 6.5).

The Computer Laboratory consists of 16 Internet-
accessible workstations that run a variety of medical
educational CD ROMs. Eight overhead cameras and
a one-way mirror between the Lab and the Computer
Control room ensure that examinations can be properly
monitored when the Lab is used for testing. Students
use the computer laboratory to work with interactive

software programs that may be linked to activities oc-
curring in other functional areas of the Center.

Additionally, students can prepare for the NMBE
(National Board of Medical Examiners) exam by prac-
ticing test questions from several test prep software
packages available in the center. Currently, the com-
puter lab meets or exceeds the requirements to be a
NBME testing site. Students and faculty can also use
the computers to conduct independent studies or view
university mail or class schedules.

The Computer Control Room is adjacent to the
Computer Laboratory. It is the nerve center of the Cen-
ter. All data, voice, and video signals are fed through
the Control Room and can be routed to other areas
accordingly. The Control Room also houses several de-
partmental servers that handle the current needs of the
center.

During testing, the Control Room operates as a
monitoring station for instructors, allowing overall
viewing of the Computer Laboratory through the one-
way mirrored window or any of the workstations indi-
vidually from the overhead camera. A high-speed fiber
optic link between the Center and the National Library
of Medicine also exists. This link provides the Center
with access to Internet II, which is still in the develop-
ment stage. This link will be used to test and develop
streaming video and other high-bandwidth/high-reli-
ability applications as they are developed to augment
medical training.

6.2.8.4 Surgical Simulation Laboratory

The Surgical Simulation Laboratory uses VR and
a full-scale OR mock-up to provide highly realis-
tic scenarios for surgical training. This area was the
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Fig.6.5 The Computer Lab of the National Capital Area Simu-
lation Center. The Lab consists of 16 PC workstations

first site approved to investigate teaching the surgical
skills practicum of the Advanced Trauma Life Support
course, using computer-based simulators and plastic
models rather than anesthetized animals or cadavers.
The Operating Room (O.R.) is furnished to look
and feel like a typical OR. In addition to the typical O.R.
equipment, the room holds intravenous catheterization,
endoscopy, and diagnostic ultrasound simulators. The
O.R. can be configured to match the conditions of a
standard O.R., an emergency room or an intensive care
unit. Here, three human-patient simulators that re-
spond to various drugs and interventions are used for
teaching medical and surgical interventions and team-
work to a variety of health care providers (Fig. 6.6).

Fig. 6.6 The Operating Room of the National Capital Area
Medical Simulation Center, showing three high-fidelity hu-

man-patient simulators (foreground) and an ultrasound simu-
lator in the back right corner

Driven by computers, the human-patient simula-
tors can be preprogrammed with patient characteris-
tics or variables such as age, anatomy, and physiology
factors, depending on the training event. Students are
faced with real-life situations as they interact with the
human simulator, depending on the scripted clinical
procedure. The simulators have palpable pulse areas
and will exhibit the appropriate physiologic reactions
in response to various intravenous or inhaled agents.
The simulators can be moulaged to represent wounds
and clinical conditions (Fig. 6.7). Presently, one of the
simulators has the capability for 80 different drugs
to be “virtually” administered by various computer
microchips. The simulator responds to the type and
amount of these drugs according to instructor-deter-
mined, preprogrammed patient variables. The simu-
lators provide a very powerful tool teaching a variety
of clinical scenarios. The O.R. is staffed by a full time
coordinator and a physician surgical director, whose
offices are also found in this area.

In the O.R. Control Room, overhead microphones,
four overhead video cameras, and a one-way mirror
into the O.R. allow instructors to communicate with
the O.R. coordinator. In the Control Room, the coor-
dinator can change patient variables on the computer
and even speak into a hidden microphone feed on the
simulated patients in order to bring more realism to
the scene. An additional feature in the control room is
a button that will turn off the power in the O.R., allow-
ing for the simulation of what to do during a real power
outage (Fig. 6.8).

The Virtual Reality (VR) Laboratory develops and
tests computer-based surgical simulators to meet the
educational objectives of the Center. Research that
advances simulation procedures is also a fundamen-
tal directive as is harnessing the capabilities of exist-
ing technologies. This area is also run by the surgical
director with a staff that includes a Ph.D. computer
scientist, software developers, and a graphic artist. In
the VR Laboratory, state-of-the-art computer-based
equipment enables students to view medical objects
in two or three dimensions. A haptic interface allows
the computers to recreate the tactile sense that permits
users to touch, feel, manipulate, create, and alter simu-
lated three-dimensional anatomic structures in a vir-
tual environment. Here students can teach themselves
at their own pace and can feel comfortable about mak-
ing mistakes as well as repeating an exercise. The VR
Laboratory is equipped with simulators for vascular
anastomosis, laparoscopic surgery, bronchoscopy, peri-
cardiocentesis, a diagnostic peritoneal lavage unit, and
a hand-immersive environment for on-going research
(Fig. 6.9). Both the pericardiocentesis and diagnostic
peritoneal lavage simulators were developed in the VR
Laboratory. These two simulators are the first of their
kind and are unique to the Center. The VR Laboratory
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Fig. 6.7 Moulaged high-fidelity human-patient simulators. a A
blunt trauma scenario with a “seatbelt sign,” b a mangled ex-
tremity, ¢ a patient with gunshot wounds across face and the

Fig. 6.8 A view of the Operating Room from the Control
Room through the one-way mirror. The red button on the wall

turns off the power in the Operating Room to allow for team
training under such circumstances

chest receiving a surgical airway, d the same patient being elec-
trocardioverted for an arrhythmia

is actively involved in ongoing validation research of
existing and newly developed simulators, and contin-
ues to take the lead in developing new simulators and
simulation technology.

6.3 Conclusion

For reasons of educational quality, safety, and cost, VR
and simulation can enhance surgical training and learn-
ing now, and their role will almost certainly expand as
computer power and availability increase. Clearly, the
introduction of simulation into medical education is a
disruptive force that challenges the status quo. How-
ever, it is likely that societal pressure to reduce errors
in the face of decreased time and availability of clini-
cal teaching material will result in mandates to provide
training and maintenance of skills using simulation.
Forward-thinking institutions should embrace the
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Fig. 6.9 Examples of virtual reality simulators found in the
VR lab at the National Capital Area Medical Simulation Cen-
ter. a Laparoscopic surgery simulator, b vascular anastomosis

adoption of simulation in well-thought out curricu-
lum that will meet the educational needs of the learners
that they support. Careful thought should be given to
how resources should be spent and centers organized
to respond to the present and future challenges. It is
essential that centers should be built with flexibility in
mind and should be staffed with a full complement of
educators, clinicians, and administrative and support
personnel. Ideally, centers will also engage in valida-
tion research and development of simulators and curri-
cula that will continue to push this exciting and rapidly
growing field ever forward to respond to future disrup-
tive technologies as they occur.
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Chapter

Ideal VR systems:
Is There a ,Holy Grail”

in Simulation System Land?

Nicola Di Lorenzo

Since the Middle Ages and until today, the education
of surgeons has always consisted of “learning on the
job” In the daily practice of surgical residency all over
the world, a large part of surgical skills is still learned
in the operating room while working on patients.
However, learning on human beings is not always the
best way, not for the patient nor for the surgical trainee.
All residency programs are reducing working hours
for trainees; the introduction of new technologies and
the minimally invasive revolution have certainly in-
creased the number and sometimes the complexity of
procedures; ethical considerations have led us to nearly
abandon the use of cadavers for enhancing surgical
experience, while animal labs are strongly contrasted
in most Western countries. These issues elicit the need
to develop alternative training methods using physical
models, box trainers, or electronic simulators.

While thinking that we are living in a very advanced
and technological era, we must keep in mind that iat-
rogenic pathology is nowadays the seventh cause of
death. Therefore, recognition of the importance of er-
rors is an essential component of the practice of sur-
gery, and new methods and technologies are being
used to identify, avoid, and reduce errors. The medical
community in general has ascribed errors to the sys-
tem; however, during a surgical procedure, surgeons
are the only actors of an error, and the consequences
are more and more relevant, considering that litigation
is a main issue as well.

The possibility of reducing medical errors (surgical
acts account for 50% of them) could then dramatically
influence the healthcare systems, and socioeconomic
advantages could be at least as relevant as they were 30
years ago, when flight simulators introduced as a stan-
dardized part of the curriculum of in-training pilot
brought a 30% reduction in civil aviation accidents.

Many new methods to train surgeons have become
available as education, training, and accurate assess-
ment of skill and performance represent the most
important challenge of the new century for medical
schools, scientific societies, academic and clinical en-
vironments.

7

Two main examples are mentioned:

1. In his presidential address at the Society of Ameri-
can Gastrointestinal and Endoscopic Surgeons
(SAGES) 2002 Meeting, William L. Traverso said
that the three missions of SAGES for the 3rd mil-
lennium are “Education, education, and ... educa-
tion!” Before and after this statement, SAGES has
dedicated major resources and efforts to this goal.

2. At the same time, the European Association for En-
doscopic Surgery (EAES) created in 2004 the Work
Group for Evaluation and Implementation of Simu-
lators and Skills Training programs, thus devoting
intellectual and financial resources to these new
educational opportunities.

Medical education, a field where tradition has always
played a main role, is now introducing a “bits-and-
bytes” system with the use of information technology,
thus undergoing significant changes. Simulators have
achieved widespread acceptance in the field of anes-
thesia, intensive care, flexible endoscopy, and recently
in surgery, especially for minimally invasive surgery.
The fast introduction of minimally invasive skills has
speeded up the development of new training methods
to train residents through these new technologies.

Some simulators are based on phantoms (physical
models, e.g., plastic structures) others are virtual real-
ity (VR) computer-based simulators. A third group is
represented by the hybrid simulators, where the two
components are integrated (Fig. 7.1).

Although phantoms may provide realism concern-
ing tissue behavior, computer-based simulators will
increasingly become more eligible as a training aid,
especially because of their extensive range of educa-
tional features. Several systems are on the market, and
producers are continuously enhancing their products,
covering the field of more popular procedures with vir-
tual reconstructions. In some recent studies, although
evidence-based validation is not yet achieved, it has
been shown that they can improve surgeons’ perfor-
mance, predicting a significant contribution to patient
care.
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physical VR HYBRID
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e Mentice
e SIMENDO-DeltaTech

Fig. 7.1 Simulators on the market

Key points and advantages of VR simulation can be

summarized as follows:

« Long periods of training without the physical pres-
ence of a tutor

« Large number of simulations and exercises

o Repetition of the scenery

« Flexibility of the scenery

o Score system for evaluation and learning assess-
ment

o Network of models: net connections to exchange
information for the development of teaching and
learning

o New pedagogy and better motivation, representing
the meeting point between professional education
and the “PlayStation generation,” using the positive
impact of the so-called videogame effect

When considering simulator design, a complete under-
standing of several aspects, including human learning,
human factors, technology, and the field of simulation
in general, is required. Development requires expertise
in surgery, education, computer graphics (and possi-
bly haptics), computer programming in general, and in
simulation technology. In the pioneering days of surgi-
cal simulation in early 1990s, most developers did not
apply a comprehensive approach, and it is now clear
that simulators created without a thorough knowledge
of these areas are unlikely to be useful in today’s teach-
ing process.

Moreover, the knowledge of the learning process
must be very well interpreted, as learning theories play
a determinant role in the transfer of learning on mod-
els to the real procedures.

We want to stress here two main points:

1. The most commonly used theories to explain hu-
man learning are based on constructivism. A con-
tinuous increase in knowledge or change in behav-
ior is brought about through “learning by doing” or

“experiential learning” (Kolb). If we speed up this

process, a faster and more reliable education can be
achieved.

2. It is equally important to remember that surgi-
cal simulation is a very reliable application for the
model of Rasmussen, who distinguished three lev-
els of human behavior:

a. Skill-based behavior (SBB)
b. Rule-based behavior (RBB)
c. Knowledge-based behavior (KBB)

It indicates that different training simulators need
to be developed related to different behavior levels
(Fig. 7.2). At the lower level (SBB), simulators are
needed to learn basic skills, such as using instruments.
For higher-level training (RBB and KBB), surgical
skill improvement requires more sophisticated train-
ing methods. For example, to enhance patient safety
by reducing human errors and critical and unexpected
situations (e.g., power failure, instrument breakdown),
trainees should be trained at the knowledge-based be-
havior level.

The potential of learning via multimedia resources
must be finally stressed. The commonest form of au-
diovisual link is a broadband connection that can be
easily used between the operating room and the surgi-
cal skills center and, with the development of the “in-
telligent OR;” audio-\visual information to and from
the operating room can be integrated with the sys-
tem. Simulation can then be performed on real cases,
responding positively to the criticism on the transfer
from VR to real practice. Equally important is the
chance, thanks to powerful audiovisual requirements,
to broadcast simulation sessions from one skills centre
to the other, increasing a network of models running
on the same digital platform.

Validity and reliability of simulators are key points
for their validation as educational tools. This explains
why educators and simulation experts must learn and
imbed new words in their cultural knowledge, such as
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Fig. 7.2 The Rasmussen model

taxonomy and metrics. The Virtual Reality Turing Test,
Objective Structured Clinical Exam (OSCE), Objective
Structured Assessment of Technical Skills (OSATS),
McGill Inanimate System for Training and Evaluation
of Laparoscopic Skills (MISTELS), and Minimally In-
vasive Surgical Training — Virtual Reality (MIST-VR)
are examples of evaluation modalities based on these
parameters.

In this regard, it is of utmost importance the work
of the aforementioned Work Group for Evaluation
and Implementation of Simulators and Skills Training
programs of EAES, based on following a systematic
process to establish minimal requirements and get to a
standardized model for simulator’s validation, using lit-
erature meta-analysis, testing, and guidelines creation.

Summarizing the above-depicted characteristics
and potentials of simulators, one could imagine that
no major obstacle blocks the road of wide diffusion as
the main revolution in surgical education of the mod-
ern era. This is not true, as these tools belong to a new-
born market, and producers are facing major problems
in terms of fidelity and realism, reproducibility of true
procedures, technological limitations, and clear valida-
tion of their effectiveness in transfer the acquired skills
to clinical practice.

The use of effective virtual models means to inter-
act with them, in a VR environment, exerting on them
traction and forces. This interaction requires percep-
tive interfaces (visual, acoustical, tactile), in order to

make immersive virtual environments suitable for hu-
man senses.

The main limits of simulators for general surgery in
the current state-of-the-art can be summarized as fol-
lows:

e Realistic interaction with a virtual model

Touch

Force

Complex anatomy

Organs variability

Several conditions of pathology and development of
that for surgical therapy

Movement variability

e Thickness of organs and tissues

e External forces

From this list, two main critical points are addressed:

1. There is still a lot of effort needed to implement
these VR systems with a better realistic haptics and
tactile feedback: They are currently mediated by
complex devices, or they reproduced by smart but
simpler technologies that mimic them through fric-
tions or other physical methods. The results are not
yet very satisfactory, as they are not for robots used
for telesurgery in clinical practice.

2. Lack of realism in simulation of tissue properties
is another important limit, as changes induced by
pathological conditions (inflammation, scarring,
sclerosis, vascularization, etc.) bring to an enormous
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variability. Several complex mathematical models
have been introduced, not yet with a satisfactory
result. Probably, the solution will come with the en-
hanced computational ability of computers that is
exponentially growing up since their introduction.

The recognition of the potential of electronic devices
brings the argument of the utility of introducing ro-
botic technology in the simulation devices. Currently,
as Satava has stated, surgical robots are nothing other
than computers with arms, as a Tc-scan is a computer
with eyes, etc. Integrating them into an intelligent OR
is a main goal of clinical application of technology. The
same integration will bring to 3D VR for learning and
practice, with the opportunity to have flexible models,
representing the anatomic variations of each single pa-
tient and looking at anatomic organs from perspectives
that would be impossible during surgery. This will dra-
matically enhance the educational capacities of simu-
lation, amplifying the surgeon’s dexterity through the
use of suitable haptic and robotic interfaces. In facts,
they will become more and more useful in repeating
and electronically comparing training programs, re-
mote teaching, and preoperative planning on virtual
patients, and in performing specific diagnostic and
therapeutic procedures.

71 Curriculum

Learning through VR simulation modalities is not yet
being systematically introduced in the curricula of the
residency programs in European countries (actually,

the Royal College of Surgeons has a defined program,
and the Royal College of Surgeons of Ireland is plan-
ning a selection of candidates for residency programs
including attitudinal evaluation through simulation,
but nothing has been standardized, i.e., in Italy and
Germany), while a rational approach in the field has
started in Unite States (American Council of Graduate
Medical Education and the American Board of Medi-
cal Specialties).

The creation of reliable predictive tests, based on
VR simulation, to assess candidate’s attitude to surgery
will represent an additional criterion to be integrated
with other attitudinal evaluations for the access to the
residency programs. Although still under debate, the
prediction of proficiency based on Cuschieri’s model
(Fig. 7.3) could save relevant resources and increase
health care safety, contemporarily addressing unsuit-
able candidates to nonsurgical specialties.

Scientific society must play the main role in man-
aging, standardizing, and correctly addressing this
evolution, quickly understanding that the change in
surgical teaching needs to be driven by independent
and noncommercial authorities. It is then necessary
in the near future to establish an international consen-
sus for an integrated curriculum, not only for surgeon
training, but also to assess periodically the skill main-
tenance of surgeons in clinical activity. It must be re-
membered that, without the introduction of minimally
invasive procedures, most surgeons have not had the
chance to receive complete training before applying
the laparoscopic technique to their patients, and this
is very evident by the increased percentage of lesions
(e.g., of the biliary tree) present in the learning curve of
a generation. This will not be acceptable in the future,

Optimal
Proficiency Zone

Minimal acceptable level by society

Incompetence

mo zZ » 2  OM xxm T

Fig. 7.3 Cuschieri’s model of proficiency

Clinical outcome of patients treated
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when reliable simulation will elevate a surgeon’s skill,
increasing the patients’ safety.

Simulation and attitudinal evaluation, at a lower
level, could be used as well for medical schools stu-
dents’ selection, using the same productivity criteria
applied to simpler tasks for novices.

Finally, another field of application for the satisfac-
tory VR simulator of the future is the possibility of
testing and evaluating new instruments: New tools
and innovative technologies can be tested while still
in a computer-animated design (CAD) configuration,
increasing safety and significantly reducing costs. Fol-
lowing the same guidelines, new surgical techniques
will be safely introduced and mastered on virtual pa-
tients before being introduced in clinical practice.

Now, the question introduced in the title can be
slightly but significantly modified: Is there a “holy
grail” in the described simulation systems? Is it pos-
sible, at the state-of-the-art point where we are now, to
say when a multifunctional system will be able to cover
satisfactorily all needs of a comprehensive program for
trainees?

Current experience is negative, but future develop-
ments, although challenging, can bridge the gap, giving
us the chance to change today’s negative answer in a
future’s positive one.

Apart from the already-described and well-known
pitfalls of simulation systems, there are more general
consideration to be introduced:

e Development of simulators is currently devoted al-
most completely to laparoscopic surgery and mini-
mally invasive techniques, such as endovascular
procedures. It is evident that medical treatments
will be increasingly performed with a less invasive
approach; nevertheless, it is equally clear that, at
least in the future of current generations, a large
amount of procedures will be still completed with
a traditional techniques, especially in the fields of
emergency or major procedures. Moreover, some of
these complex operations will not be planned, but
will represent the rescue treatment of complica-
tions occurred during minimally invasive surgery.
As a third important aspect, the surgeon generation
trained after the 1980 is brilliantly skilled in laparo-
scopic complex procedures, performed daily, while
the chance of working with the open approach is
less frequent, sometimes occasional, for the major-
ity of them. When facing a complication or a com-
plex patient, the multifactorial attitude that includes
not only technical skills, but also experience, team
coordination, and decision making is of utmost im-
portance for a positive result. The introduction of
simulators devoted to acquiring skills in open and
emergency surgery will be then a key point of a
complete curriculum for in-training surgeons. Un-

fortunately, simulating open techniques is still more
challenging and complex than is mimicking laparo-
scopic procedures, and will require a comprehen-
sive, immersive environment with advanced naviga-
tion systems. Tracking of hand movement, already
available, should be expanded to the whole field of
operation. The use of a robotic console, as the one
currently available, could be helpful in mimicking
the hand movement in traditional techniques. It is
important to mention that such a console, as a part
of a surgical robot devoted to open surgery, is al-
ready available for clinical experimental use, being
not so far from widespread applications.

e As repeatedly stated, technical skill is one of the
many components of surgery. Daily clinical expe-
rience brings a considerable amount of stress, and
clinical outcome can be influenced by this. Surgical
simulation can greatly help in reducing this influ-
ence, with a less stressing approach to the operating
theater, considering that the real procedure can be
repeatedly simulated and pretested in a safe envi-
ronment. Consequently, stress control should also
be taught and learned virtually. Although measures
are not always completely reliable, integrating bio-
humoral data of the trainees (collected by noninva-
sive methods) in a comprehensive evaluation system
of the simulator could help each trainee and tutor to
better identify the key points of the procedures and
to understand and manage challenging situations.

e As previously briefly introduced, critical and un-
expected situations (e.g., power failure, instrument
breakdown) are critical part of procedures that are
dependent on complex and integrated technology.
Future classes of simulators should introduce ran-
domly these accidents in their simulated procedures,
in order to stimulate the creative component and
the quick decisionism that have always been com-
ponents of surgeons” background.

o Integrating the last concept, it is evident that group
working is also a part of surgery: While introducing
robotic assistants, camera holders, circulating and
scrub nurses in daily practice, future simulation de-
velopers should enhance the already existing possi-
bility to change tools, positions, etc., creating a more
realistic integration with the OR environment.

Which other fields will be explored by surgery in the
future? Electronics, robotics, and information technol-
ogy have transformed the growth of science from linear
to exponential. In the next few years, we will see many
new treatments made possible by miniaturization of
surgical components, such as smart materials and mi-
crorobots. The role of surgeons in a near future will be
to not only eradicate, modify, or replace organs macro-
scopically, but also to downscale their effect on the hu-
man bodyata cellularlevel. While simulation brands are
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working to reproduce codified procedures, new tech-
niques and approach philosophies are continuously de-
veloped, more and more of them requiring an integrated,
multicompetent, highly qualified team. In this field, the
growth of endoluminal therapies is a typical example.
The future challenges for scientist, engineers, and edu-
cators are then composed of several aspects:

e Continuing the current line of development, solving
today unresolved issues through technological solu-
tions and clearly defining the real utility of different
class of simulators.

e Enhancing educational opportunities and develop-
ing training and assessment methods, with stan-
dardized, objective, criterion-based evaluation.

e Giving a consistent demonstration of transfer of
skills to the operating room, with a linear relation to
the improvement of the surgical performance.

o Achieving a consistent reduction of the training
time, thus reducing residency length and, more im-
portant, the learning curve for new techniques.

How can we train new surgeons for new surgery, and
more efficient surgeons for the old surgery? As illus-
trated, the burdening of knowledge of new ideas and
procedures is dramatically quick, while consensus on
guidelines and validation studies are mostly time-con-
suming and never fast enough. These considerations
demonstrate that we will never be allowed to reach a
static gold standard, an immutable holy grail, a dog-
matic statement to define surgical simulation goals and
to award the best VR simulators. Certainly, minimal
requirements, efficacy, and many other aspects must be
pointed out and standardized, but we must be aware
that future simulators will be a component of an ongo-
ing dynamic process, with continuous modification of
surgical environment, trainees’ attitude, and standards
of care. The adventure has just begun.

References

Aalbakke L, Adamsen A, Kruse A (2000) Performance of a
colonoscopy simulator: experience from a hands-on en-
doscopy course. Endoscopy 32:898-900

Adamsen S et al (2005) A comparative study of skills in virtual
laparoscopy and endoscopy. Surg Endosc 19:229-234

Aggarwal R, Moorthy K, Darzi A (2004) Laparoscopic skills
training and assessment. Br J Surg 91:1549-1558

Aggarwal R, Darzi A (2005) Organising a surgical skills centre.
Minim Invasive Ther Allied Technol 14:275-279

Aggarwal R et al (2006) A competency-based virtual reality
training curriculum for the acquisition of laparoscopic
psychomotor skill. Am J Surg 191:128-111

Ahlberg G, Heikkinen T, Iselius L (2002) Does training in a vir-
tual reality simulator improve surgical performance? Surg
Endosc 16:126-129
Andreatta PB et al (2006) Laparoscopic skills are improved
with LapMentor training: results of a randomized, double-
blinded study. Ann Surg 243:854-860
Ayodeji ID, Schijven MP, Jakimowicz JJ (2006) Determination
of face validity for the Simbionix LAP mentor virtual reality
training module. Stud Health Technol Inform 119:28-30
Bergamaschi R (2000) [Farewell to see one, do one, teach one?].
TidsskrNor Laegeforen 121:2798
Blake RL, Hosokawa MC, Riley SL (2000) Student perfor-
mances on step 1 and step 2 of the United States Medical
Licensing. Examination following implementation of a
problem-based learning curriculum. Acad Med 75:66-70
Bridges M, Diamond DL (1999) The financial impact of teach-
ing surgical residents in the operating room. Am J Surg
177:28-32
Broe D et al (2004) Construct validation of a novel hybrid sur-
gical simulator. Surg Endosc 20:1432-2218
Carter FJ et al (2003) Validation of a virtual reality colonoscopy
simulator using subjects of differing experience (proceed-
ings), in Ist European Endoscopic Surgical Week and 11th
EAES Congress. Glasgow, UK
Carter FJ, Schijven M, Aggarwal R, Grantcharov T, Francis NK,
Hanna GB, Jakimowicz JJ (2005) Consensus guidelines for
validation of virtual reality surgical simulators. Surg En-
dosc 19:1523-1532
Chitwood WR Jr, Nifong LW, Chapman WH et al (2001) Ro-
botic surgical training in an academic institution. Ann
Surg 234:475-486
Cosman PH, Cregan PC, Martin CJ, Cartmill JA (2002) Virtual
reality simulators: current status in acquisition and assess-
ment of surgical skills. ANZ J Surg 72:30-34
Cuschieri A, Francis SN, Crosby J, Hanna GB (2001) What do
master surgeons think of surgical competence and revali-
dation? Am J Surg 182:110-116
Custers EJFM, Regehr G, McCulloch W, Peniston C, Reznick R
(1999) The effects of modeling on learning a simple surgi-
cal procedure: see one, do one or see many, do one? Adv
Health Sci Educ 4:123-143
Dankelman J, Wentink M, Stassen HG (2003) Human reliabil-
ity and training in minimally invasive surgery. Minim In-
vasive Ther Allied Technol 12:129-135
Dankelman J, Chmarra MK, Vedaasdonk EGG, Stassen LPS,
Grimbergen CA (2005) Fundamental aspects of learning
minimally invasive surgical skills. A review. Minim Inva-
sive Ther Allied Technol 14:247-256
Dankelman J, Di Lorenzo N (2005) Surgical training and simu-
lation. Minim Invasive Ther Allied Technol 14:211-213
Datta VK et al (2002) The PreOp flexible sigmoidoscopy trainer.
Validation and early evaluation of a virtual reality based
system. Surg Endosc 16:1459-1463

Dawson SL (2002) A critical approach to medical simulation.
Bull Am Coll Surg 87:12-18

De Maria EJ, McBride CL, Broderick TJ, Kaplan BJ (2005)
Night call does not impair learning of laparoscopic skills.
Surg Innov 12:145-149

Deshmukh P, Carter FJ, Jayasekera BAS (2006) Face validation
of a virtual reality gastroscopy simulator. Surg Endosc 20:
§59)



Nicola Di Lorenzo

Chapter 7 Ideal VR systems: is there a ,holy grail” in simulation system land?

53

Di Lorenzo N, Gaspari AL (2003) Virtual patient: a new op-
tion for surgical education. Business briefing publication —
Global Health Care, pp 1-4

Duffy AJ et al (2003) Construct validity for the LapSim laparo-
scopic surgical simulator. Surg Endosc 17(Suppl 1):5230

Enochson L et al (2004) Visuospatial skills and computer game
experience influence the performance of virtual endoscopy.
J Gastrointest Surg 8:874-880

Eversbusch A, Grantcharov TP (2004) Learning curves and im-
pact of psychomotor training on performance in simulated
colonoscopy: a randomized trial using a virtual reality en-
doscopy trainer. Surg Endosc 18:1514-1518

Eriksen JR, Grantcharov TP (2005) Objective assessment of
laparoscopic skills using a virtual reality simulator. Surg
Endosc 19:1216-1219

Fanelli RD et al (2003) Initial experience using an endoscopic
simulator to train residents in flexible endoscopy in a com-
munity medical center-based residency program. Flexible
diagnostic and therapeutic endoscopy (proceedings, P233),
in SAGES meeting, Los Angeles

Fellinger EF (2006) et al Complex laparoscopic task perfor-
mance on two new computer-based skills training devices.
Surg Endosc 20:5336

Ferlitsch A et al (2002) Evaluation of a virtual endoscopy simu-
lator for training in gastrointestinal endoscopy. Endoscopy
34:698-702

Fried GM, Derossis AM, Bothwell ], Sigman HH (1999) Com-
parison of laparoscopic performance in vivo with perfor-
mance measured in a laparoscopic simulator. Surg Endosc
13:1077-1081

Gallagher HJ, Allan JD, Tolley DA (2001) Spatial awareness in
urologists: are they different? BJU Int 88:666-670

Gallagher AG et al (2001) Objective psychomotor skills assess-
ment of experienced, junior and novice laparoscopists with
virtual reality. World J Surg 25:1478-1483

Gallagher AG, Satava RM (2002) Virtual reality as a metric
for the assessment of laparoscopic psychomotor skills:
learning curves and reliability measures. Surg Endosc
16:1746-1752

Gallagher AG, Lederman AB, McGlade K, Satava RM, Smith
CD (2004) Discriminative validity of the minimally in-
vasive surgical trainer in virtual reality (MIST-VR) using
criteria levels based on expert performance. Surg Endosc
18:660-665

Gallagher AG, Ritter EM, Champion H (2205) Virtual real-
ity simulation for the operating room: proficiency-based
training as a paradigm shift in surgical skills training. Ann
Surg 241:364-372

Garuda S et al (2002) Efficacy of a computer-assisted endo-
scopic simulator in training residents in flexible endoscopy
[poster], in ACG 2002 (proceedings). Seattle

Goodell KH, Cao CG, Schwaitzberg SD (2006) Effects of cog-
nitive distraction on performance of laparoscopic surgical
tasks. ] Laparoendosc Adv Surg Tech A 16:94-98

Gorman PJ, Meier AH, Krummel TM (1999) Simulation and
virtual reality in surgical education: real or unreal? Arch
Surg 134:1203-1208

Gorman PJ, Meier AH, Krummel TM (2000) Computer-as-
sisted training and learning in surgery. Comp Aid Surg
5:120-130

Gorman PJ, Meier AH, Rawn C, Krummel TM (2000) The fu-
ture of medical education is no longer blood and guts, it is
bits and bytes. Am ] Surg 180:353-356

Grantcharov TP, Rosemberg J, Pahle E (2001) Virtual reality
computer simulation: an objective method for evaluation
of laparoscopic surgical skills. Surg Endosc 15:242-244

Grantcharov TP et al (2003) Learning curves and impact of
previous operative experience on performing on a virtual
reality simulator to test laparoscopic surgical skills. Am ]
Surg 185:146-149

Grantcharov TP et al (2204) Randomized clinical trail of vir-
tual reality simulation for laparoscopic skills training. Br J
Surg 91:146-150

Hackethal A, Immenroth M, Burger T (2006) Evaluation of
target scores and benchmarks for the traversal task sce-
nario of the Minimally Invasive Surgical Trainer — Virtual
Reality (MIST-VR) laparoscopy simulator. Surg Endosc
20:645-650

Haluck RS, Marshall RL, Krummel TM, Melkonian MG (2001)
Are surgery training programs ready for virtual reality? A
survey of program directors in general surgery. ] Am Coll
Surg 193:660-665

Haluck RS, Krummel TM (2000) Computers and virtual real-
ity for surgical education in the 21st century. Arch Surg
135:786-792

Haluck RS (2005) Design consideration for computer-based
surgical simulators. Minim Invasive Ther Allied Technol
14:235-243

Halvorsen FH, Elle OJ, Fosse E (2005) Simulators in surgery.
Minim Invasive Ther Allied Technol 14:214-223

Hance J et al (2004) Evaluation of a laparoscopic video trainer
with built in measures of performance, in 13th SLS meet-
ing and EndoExpo. New York

Hyltander A, Liljegren E, Rhondin PH, Lénroth H (2002) The
transfer of basic skills learned in a laparoscopic simulator
to the operating room. Surg Endosc 16:1324-1328

Immersion College of London. Publications of Professor Sir
Ara Darzi. http://immersion.com/medical/products/hys-
teroscopy/case_studies.php

Issenberg SB, McGeghie WC, Hart IR et al (1999) Simulation
technology for health care professional skills training and
assessment. JAMA 282:861-867

Jacobs J, Caudell TP, Wilks D et al (2003) Integration of ad-
vanced technologies to enhance experiential problem-
based learning over distance: Project TOUCH. Anat Rec
(New Anat) 270B:16-22

Kaufmann CR (2001) Computers in surgical education and the
operating room. Ann Chir Gynaecol 90:141-143

Kaufman DM, Bell W (1997) Teaching and assessing clinical
skills using virtual reality. Morgan KS et al (eds.) Medicine
Meets Virtual Reality. IOS, Amsterdam, pp 467-472

Kavic MS (2000) Robotics, technology, and the future of sur-
gery. SLS 4:277-279

Kim CA, Smith CD (1999) Manual vs robotically assisted lapa-
roscopic surgery in the performance of basic manipulation
and suturing tasks. Surg Endosc 13:723

Kneebone RL, Scott W, Darzi A, Horrocks M (2004) Simulation
and clinical practice: strengthening the relationship. Med
Educ 38:1095-1102



54

Il Education and Training

Kohn LT, Corrigan JM, Donaldson MS (2000) (eds.) To err
is human: building a safer health system. Committee on
Quality of Health Care in America, Institute of Medicine.
National Academy Press, Washington, D.C.

Korndorffer JR Jr, Stefanidis D, Scott DJ (2006) Laparoscopic
skills laboratories: current assessment and a call for resi-
dent training standards. Am ] Surg 2006 191:17-22

Kunst E, Rodel S, Moll E, van den Berg C, Teijink J, van Her-
waarden J, van der Palen J, Geelkerken R (2006) Towards
a VR trainer for EVAR treatment. Stud Health Technol In-
form 119:279-281

Lange T, Indelicato DJ, Rosen JM (2000) Virtual reality in sur-
gical training. Surg Oncol Clin N Am 9:61-79

McClusky DAM, Van Sickle K, Gallagher AG (2004) Relation-
ship between motion analysis, time, accuracy and errors
during performance of a laparoscopic suturing task on an
augmented reality simulator [proceedings], in 12th EAES
Congress, Barcelona

McDougall EM et al (2006) Construct validity testing of a lapa-
roscopic surgical simulator. ] Am Coll Surg 202:779-787

McNatt SS, Smith SGT (2001) A computer-based laparoscopic
skills assessment device differentiates experienced from
novice surgeons. Surg Endosc 15:1085-1089

Madan AK, Frantzides CT, Tebbit C, Quiros RM (2005) Partic-
ipants’ opinions of laparoscopic training devices after a ba-
sic laparoscopic training course. Am J Surg 189:758-761

Madan AK, Frantzides CT, Sasso LM (2005) Laparoscopic
baseline ability assessment by virtual reality. Journal of
Laparoscopic and Advanced Surgical Techniques 15:13-17

Mahmood T, Darzi A (2003) A study to validate the colonos-
copy simulator: it is usefully discriminatory for more than
one measurable outcome. Surg Endosc 17:1583-1589

Maithel S et al (2006) Construct and face validity of MIST-VR,
Endotower and CELTS. Surg Endosc 20:104-112

Martin JA, Regehr G, Reznick R, Macrae H, Murnahan J,
Hutchinson C, Brown M (1997) Objective structured as-
sessment of technical skill (OSATS) for surgical residents.
Br J Surg 84:273-278

Matern U, Koneczny S, Tedeus M, Dietz K, Buess G (2005) Er-
gonomic testing of two different types of handles via vir-
tual reality simulation. Surg Endosc 19:1147-1150

Moorthy K et al (2004) Validity and reliability of a virtual re-
ality upper gastrointestinal simulator and cross validation
using structured assessment of individual performance
with video playback. Surg Endosc 28:328-333

Munz Y, Kumar D, Moorthy S et al (2004) Laparoscopic virtual
reality and box trainers: is one superior to the other? Surg
Endosc 18:485-494

Mutter D, Rubino F, Temporal MSG, Marescaux ] (2005) Sur-
gical education and Internet-based simulation: The World
Virtual University. Minim Invasive Ther Allied Technol
14:267-274

Ost D et al (2001) Assessment of a bronchoscopy simulator.
Am ] Respir Crit Care Med 164:2248-2255

Ota D, Loftin B, Saito T, Lea R, Keller J (1995) Virtual Reality in
Surgical Education. Comput Biol Med 25:127-137

Patel AD, Gallagher AG, Nicholson W], Cates CU (2006)
Learning curves and reliability measures for virtual reality
simulation in the performance assessment of carotid angi-
ography. ] Am Coll Cardiol 47:1796-1802

Rasmussen R (1983) Skills, rules and knowledge; signals,
signs and symbols, and other distinctions in human per-
formance models. IEEE Trans. Systems Man Cybernetics
13:257-266

Reich O, Noll M, Gratzke C, Bachmann A, Waidelich R, Seitz M,
Schlenker B,Baumgartner R, Hofstetter A, Stief CG (2006)
High-level virtual reality simulator for endourologic pro-
cedures of lower urinary tract. Urology 67:1144-1148

Ritter EM et al (2005) Objective psychomotor skills assessment
of experienced and novice flexible endoscopists with a vir-
tual reality simulator. ] Gastrointest Surg 7:871-878

Ritter EM, Bowyer MW (2005) Simulation for trauma and
combat casualty care. Minim Invasive Ther Allied Technol
14:224-234

Rosenthal R, Gantert WA, Scheidegger D, Oertli D (2006) Can
skills assessment on a virtual reality trainer predict a sur-
gical trainee’s talent in laparoscopic surgery? Surg Endosc
20:1286-1290

Rovetta L (2000) A computer assisted surgery with 3D robot
models and visualisation of the telesurgical action Stud
Health Technol Inform 70:292-294

Rovetta A, Bejczy AK, Sala R (1997) Telerobotic surgery: appli-
cations on human patients and training with virtual reality.
Stud Health Technol Inform 39:508-517

Rowe R, Cohen R (2000) Virtual reality bronchoscopy simula-
tor [proceedings], in ASA annual meeting, 2000

Rowe R, Cohen RA (2002) An evaluation of a virtual reality
airway simulator. Anesth Analg 95:62-66

Sanders AJ, Luursema JM, Warntjes P, Mastboom W],
Geelkerken RH, Klaase JM, Rodel SG, ten Cate Hoede-
maker HO, Kommers PA, Verwey WB, Kunst EE (2006)
Validation of open-surgery VR trainer. Stud Health Tech-
nol Inform 119:473-476

Satava RM (2002) Disruptive vision: moral and ethical chal-
lenges from advanced technology and issues for the new
generation of surgeons. Surg Endosc 16:1403-1408

Satava RM (1995) Medical applications of virtual reality. ] Med
Syst 19275-280

Satava RM, Gallagher AG, Pellegrini CA (2003) Surgical com-
petence and surgical proficiency: definitions, taxonomy,
and metrics. ] Am Coll Surg 196:933-937

Satava RM (2005) Identification and reduction of surgical error
using simulation: an overview. Minim Invasive Ther Allied
Technol 14:257-261

Schijven M, Jakimowicz ] (2003) Virtual reality surgical
laparoscopic simulators: how to choose. Surgic Endosc
17:1943-1950

Schijven M, Jakimowicz J (2005) Validation of virtual reality
simulators: key to the successful integration of a novel
teaching technology into minimal access surgery. Minim
Invasive Ther Allied Technol 14:244-246

Seymour NE, Gallagher AG, Roman SA, O’'Brien MK, Bansal
VK, Anderson DK, Satava RM (2002) Virtual reality train-
ing improves operating room performance: results of a ran-
domized, double-blinded study. Ann Surg 236:458-464

Seymour NE (2005) Integratine simulation into a busy resi-
dency program. Minim Invasive Ther Allied Technol
14:280-286

Sloan DA, Donnelly MB, Schwartz RW, Strodel WE (1995) The
Objective Structured Clinical Examination: the new gold
standard for evaluating postgraduate clinical performance.
Ann Surg 222:735-742



Nicola Di Lorenzo

Chapter 7 Ideal VR systems: is there a ,holy grail” in simulation system land?

55

Scott DJ, Bergen PC, Rege RV, Laycock R, Tesfay ST, Valentine
R], Euhus DM, Jeyarajah DR, Thompson WM, Jones DB
(2000) Laparoscopic training on bench models: better and
more cost effective than operating room experience. ] Am
Coll Surg 191:272-283

Sedlack RE, Kolars JC (2003) Validation of a computer-based
colonoscopy simulator. Gastrointest Endosc 57:214-218

Sedlack RE, Kolars JC (2004) Computer simulator training
enhances the competency of gastroenterology fellows at
colonoscopy: results of a pilot study. Am ] Gastroenterol
99:33-37

Seymour NE et al (2002) Virtual reality improves operating
room performance: results of a randomized, double-blind
study. Ann Surg 236:458-463

Seymour NE (2005) Integrating simulation into a busy resi-
dency program. Minim Invasive Ther Allied Technol
14:280-286

Sickle KR van et al (2005) Construct validation of the ProMis
simulator using a novel laparoscopic suturing task. Surg
Endosc 19:1227-1231

Stefanidis D, Haluck R, Pham T, Dunne JB, Reinke T, Mar-
kley S, Korndorffer JR Jr, Arellano P, Jones DB, Scott DJ
(2006) Construct and face validity and task workload for
laparoscopic camera navigation: virtual reality versus vid-
eotrainer systems at the SAGES Learning Center. Surg En-
dosc doi:10.1007/s00464-006-9112-9

Stefanidis D, Korndorffer JR Jr, Black FW, Dunne JB, Sierra
R, Touchard CL, Rice DA, Markert RJ, Kastl PR, Scott DJ
(2006) Psychomotor testing predicts rate of skill acquisi-
tion for proficiency-based laparoscopic skills training. Sur-
gery 140:252-262

Stefanidis D, Korndorfter JR Jr, Sierra R, Touchard C, Dunne JB,
Scott DJ (2005) Skill retention following proficiency-based
laparoscopic simulator training. Surgery 138:165-170

Taffinder NJ et al (1998) An objective assessment of surgeons’
psychomotor skills: validation of the MIST-VR laparo-
scopic simulator. Br J Surg 85(Suppl 1):75

Takiguchi S, Sekimoto M, Yasui M, Miyata H, Fujiwara Y, Yas-
uda T, Yano M, Monden M (2005) Cyber visual training as
a new method for the mastery of endoscopic surgery. Surg
Endosc 19:1204-10

Thomas-Gibson S, Vance ME, Saunders BP (2003) Can a colo-
noscopy computer simulator differentiate between a nov-
ice and expert? [Abstract]. Gut 52(Suppl 1):A73

Torkington J, Smith SG, Rees B, Darzi A (2001) The role of the
basic surgical skills course in the acquisition and retention
of laparoscopic skill. Surg Endosc 15:1071-1075

Uchal M, Tjugum J, Martinsen E, Qiu X, Bergamaschi R (2005)
The impact of sleep deprivation on product quality and
procedure effectiveness in a laparoscopic physical simula-
tor: a randomized controlled trial. Am J Surg 189:753-757

Van Sickle KR, Ritter EM, McClusky DA III, Lederman A,
Baghai M, Gallagher AG, Smith CD (2006) Attempted
establishment of proficiency levels for laparoscopic per-
formance on a national scale using simulation: the results
from the 2004 SAGES Minimally Invasive Surgical Trainer-
Virtual Reality (MIST-VR) learning center study. Surg En-
dosc 21:5-10

Varley RJ, Goodall JE, Bingener ] (2006) Can proficiency
benchmarks be established using the endoscopic simulator.
Surg Endosc 20:5S342

Verdaasdonk EG, Stassen LP, Monteny L], Dankelman J (2006)
Validation of a new basic virtual reality simulator for train-
ing of basic endoscopic skills: the SIMENDO. Surg Endosc
20:511-518

Yousfi MM et al (2002) Flexible sigmoidoscopy: assessing en-
doscopic skills using a computer-based simulator [pro-
ceedings], in ACG meeting, 2002. Seattle

Waseda M, Inaki N, Mailander L, Buess GF (2005) An inno-
vative trainer for surgical procedures using animal organs.
Minim Invasive Ther Allied Technol 14:262-266

Wentink M, Stassen LPS, Alwayn I, Hosman RJAW, Stassen HG
(2003) Rasmussen’s model of human behaviour in laparos-
copy training. Surgic Endosc 17:1241-1246



Chapter

The Medical Informatics
Challenge in Surgery

J. Sutherland and Timothy Ganous

This chapter focuses on the unique challenge that the
operating room represents for medical information
technologies developers. It also addresses the need to
focus future development of information technologies
in a manner consistent with experiences of other non-
medical industries.

8.1 The Perioperative Environment

The perioperative environment is one of the most tech-
nologically advanced areas of the modern health care
enterprise. From the anesthesia machine to the physi-
ologic monitors to advanced imaging devices, the use
of computer technology in the operating room now
collects and displays thousands of data points per hour.
It would be reasonably sound to make the claim that
the computing power that resides in the typical operat-
ing room today could form the basis of a small, dedi-
cated supercomputing cluster found in most academic
computer science departments. Very rarely, however, is
there the intent or capability of integrating this com-
puting power or the information systems that medical
devices host in order to make the perioperative process
more efficient and patient care more effective.

The barriers to integration have been well docu-
mented and discussed by many frustrated clinicians
[38]. This common concern has spawned little com-
mitment in the health care industry, surgery in partic-
ular, in the direction of integration and interoperability.
Medical device manufacturers continue to produce
valuable breakthrough technologies that can success-
fully fit into clinical practice models as stand-alone
components. When integration is offered, it is usually
in the form of proprietary add-ins or suites of instru-
mentation. Other than being network capable and ac-
cessible with unique intranet protocol addressing, very
little work has been forthcoming in the area of com-
mon data structures, machine-to-machine languages,
and machine-to-hospital information data exchange
schema that would foster true interoperability of in-
formation. However, common industry data protocols
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such as HL7 [18], which were created for the exchange

of medical information between providers, payers, and

regulators, has highlighted the glaring lack of interop-
erability of technologies in most clinical settings, in-
cluding surgery.

The practice models currently utilized in surgery
today were designed and implemented decades before
the information technologies we rely on today were
envisioned. The fact that these models survive in spite
of the explosion of technology embedded in surgery is
atypical of evolution of information technology in al-
most every other industry. The key feature of coordi-
nation in most processes associated with surgery con-
tinues to be human-to-human communication. That is
why telephone, fax, and e-mail continue to have such
prominence in the surgical suite. It is particularly trou-
bling that the ever-increasing complexity of technol-
ogy and clinical protocols in surgery will continue to
be managed by perioperative staff performing job de-
scriptions that have not changed except for the length-
ening list of technology implementations, patient care
responsibilities, and regulatory requirements.

The culture of surgery has also been slow in trans-
forming along with the technology in its midst. In a na-
tional surgical conference held in Baltimore, Maryland,
in 2002 it was noted by the keynote speaker, Dr. Bruce
Jarrell, that surgery today could be characterized in the
following manner:

e Teamwork is fragmented.

e Communications are by voice and grease board.

e A significant amount of energy goes into making it
function rather than patient care.

e Surgeon personalities are a strong factor in its op-
eration.

e The workload is highly variable but has high peaks.

e The complexity is high.

e Time is wasted. Someone in the operating room is
always looking for some critical thing while the pa-
tient and surgeon wait.

e Information systems are used to a limited degree.

The issues, as identified by Dr. Jarrell, are classic pro-
duction problems experienced in most other industries,
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including manufacturing, finance, and transportation
among many others, and were early targets of technol-
ogy-based solutions. A hospital-based surgical unit’s
exposure to technology-based solutions developed by
other industries often occurs in the form of contracted
relationships with business partners, a predominant
example being automating supply chain processes. In
this case, operating room staffs are frequently not the
sponsors of the new technology solutions but are in-
vited users of the solutions.

What is found in most modern surgical suites are
surgical and anesthesiology information systems. Both
perform scheduling, coordination of preoperative
processes, and case management and medical cod-
ing functions. Anesthesia systems typically go beyond
these basic functions and utilize data extracted from
connected monitoring and other medical devices to
populate a medical encounter record, usually based on
proprietary solutions. These systems are often justified
based on revenue capture although they have signifi-
cant patient safety and outcome implications.

8.1.1 Why Adapt Solutions
from Other Industries?

The pace of change and number of events that need
monitoring in a high-velocity trauma center or large
surgery facility with dozens of operating rooms make
manual analysis and control of daily operations dif-
ficult, painful, and inefficient. Methods are needed to
automate standard protocols, to monitor execution of
processes, and to alert staff about required interven-
tions. A useful metaphor for solving these problems is
the introduction of the autopilot in the aircraft indus-
try. Initially, autopilots were simple devices that kept
the aircraft level and on course while the crew could
pay attention to higher-level tasks. As flying became
faster and more risky in aerial combat, terrain-fol-
lowing radar was introduced to drive an autopilot that
would fly a fighter aircraft at the speed of sound at 500
ft in mountainous terrain at night. These systems have
now evolved to full control of takeoff and landing of
commercial airliners. The first Boeing test flights of
new aircraft are done by autopilots to avoid risking the
lives of crewmembers.

An interesting aspect of autopilots is that they op-
erate by feedback mechanisms that cause small cor-
rections back on course, so that large corrections are
never needed. This is critical in health care where early,
small interventions in patient treatment can often eas-
ily avoid disastrous outcomes. Interventions that are
too late and require large corrections can be damaging
and even fatal. An autopilot is needed to guide process
execution for routine health care events, and warning
lights and alarms need to be available just as they are

for an aircraft pilot when an engine is overheating or a
collision is immanent. Health care is in great need of an
air traffic control system that assures operating rooms
are ready, staff and equipment are in place, the patient
is properly staged and prepped through the process,
and beds and follow-up treatment are available when
the patient clears the operating room.

As concerns about patient safety have grown, the health
care sector has looked to other industries that have con-
fronted similar challenges, in particular the airline in-
dustry. This industry learned long ago that information
and clear communication are critical to the safe naviga-
tion of an airplane. To perform their jobs well and guide
their planes safely to their destinations, pilots must com-
municate with the air traffic controller concerning their
destinations and current circumstances (e.g., mechanical
or other problems), their flight plans, and environmental
factors (e.g., weather conditions) that could necessitate
a change in course. Information must also pass seam-
lessly from one controller to another to ensure a safe and
smooth journey for planes flying long distances; provide
notification of airport delays or closures due to weather
conditions; and enable rapid alert and response to an ex-
tenuating circumstance, such as a terrorist attack.
Institute of Medicine (US) Committee on Quality
of Health Care in America [19]

In a perioperative setting, hundreds of patients and
staff may be flowing through dozens of operating
rooms on a daily basis in a single facility. A third of
the patients are unscheduled and identified only on the
day of surgery. The resulting chaos can be overwhelm-
ing, even with some form of electronic health record
(EHR) system (currently available in 12% of hospital
systems [38]). Orchestration of behavior between in-
formation systems is people and paper based. Avail-
able automated systems are often dedicated to isolated
operations or departments with no automated means
to communicate with one other. The limitations of this
environment provide great opportunity for process
improvement efforts. A 30% improvement can be rou-
tinely achieved in almost any targeted area and 100%
improvements are possible [34].

8.2 Radical Improvement in Quality
of Patient Care is Possible

Enhanced automation and integration to avoid over-
sights, mistakes, and medical errors are only the tip of
the iceberg in improvement possibilities for health care.
Radical improvement in the overall quality of care is
possible not only by reducing the incidence of medical
errors, but also by deeply reinventing existing health
care processes.
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Important areas for business process redesign re-
lated to the success of current medical practices entails
research of new clinical protocols and design of disease
management systems. Business process integration
offers a promising solution for rapid adoption of new
treatments in practice by promoting new techniques
through automated alerts and recommendations, while
reducing negative side effects by displaying warnings
and recent analyses of outcomes.

For example, it currently takes an average of 17 years
for evidence-based medicine to be integrated into clin-
ical practice [5], and research shows that physicians
incorporate the latest medical evidence into treatment
only about 50% of the time.

Our results indicate that, on average, Americans receive
about half of recommended medical care processes. Al-
though this point estimate of the size of the quality prob-
lem may continue to be debated, the gap between what
we know works and what is done is substantial enough
to warrant attention. These deficits, which pose serious
threats to the health and well-being of the US public,
persist despite initiatives by both the federal government
and private health care delivery systems to improve care.

S. Marsland and I. Buchan [24]

Opportunities for unobtrusively automating the intro-
duction, suggestion, or recommendation of the latest
evidence-based medical practice into clinical processes
could generate a revolutionary improvement in patient
outcomes. The impact of monitoring and managing
small increments of clinical behavior can have enor-
mous consequences. A recent study [31] showed that

12

inpatient medication error is the fourth leading cause
of death in the United States (113,000 deaths), with
nosocomial infections not far behind (90,000 deaths).
Inpatient surgery and postoperative care appear to sig-
nificantly contribute to adverse events. An analysis of
15,000 nonpsychiatric hospital discharges revealed that
66% of adverse events were found related to surgery
[7]. For example, failure to give antibiotics within 2 h
before surgery doubles the postoperative deep wound
and organ space infection rate, compounding medical
error with nosocomial infection (Fig. 8.1). Automated
monitoring and alerting on this relatively simple event
generates a significant improvement in care [20].

Automated monitoring of order entry and medica-
tion administration is easily implemented with new
information systems coming on line. Even with older
systems, for example, it is currently possible with sys-
tems in place at the University of Maryland Medical
Center (UMMC) to monitor order status of a medi-
cation and to generate an automated query to a care
provider prior to patient surgery to confirm proper an-
tibiotic delivery.

8.3 Toward a Solution:
Adaptive Process Control

Wireless communication devices, context-aware ap-
plications, and adaptive workflow engines can help
overcome problems identified by Operating Room
of the Future experts. Health care processes require
coordinating not only many concurrent administra-
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Fig. 8.1 Postoperative deep wound and organ space infection rates per 1,000 elective surgical cases [19]



60

Il Education and Training

tive processes, but also clinical events and the patient
scenario within a health care enterprise that can span
many departments and extended periods. In addition,
health care workflows are notably dynamic because of
regular upgrade of treatment protocols and unexpected
changes in patient status or response to treatment [3].
It is important to note that workflow systems imple-
mented in most industrial settings are inappropriate for
health care. For example, ERP systems are increasingly
adopting standards-based workflow engines to control
process flow. These systems are typically designed to
control “predictive processes”. implying that the steps
of the process are highly predictable in advance.
Health care workflows can be highly unpredictable
due to organizational or medical complexity. What is
most interesting and important is what goes wrong
and how the quickly the system can adapt to unex-
pected events [10]. At UMMC, for example, a third of
the surgeries are unanticipated and enter the process at
unpredictable times during the day. These unexpected
behaviors have unpredictable implications for the well-
understood and planned activities. A highly adaptive
system is needed to help control this “empirical pro-
cess.” In the chemical industry where process research
is a core competency, applying a “predictive process”
system to control an “empirical process” has caused
many plant explosions [26]. In health care, this same
mistake will also increase morbidity and mortality.
Complex adaptive system theory has been applied
to analysis of information systems in health care and
other industries [33]. All that follows should be inter-
preted with the understanding that a health care enter-
prise is viewed as a complex adaptive system [23, 39].

8.4 Context-Aware Workflow as Autopilot

The effective use of adaptive workflow engines in the
health care enterprise can be thought of as an autopilot.
A simple autopilot does not fly the plane, and it does
not perform the tasks of aircraft subsystems. It moni-
tors and observes that a process is veering off an estab-
lished course. It alerts the pilot to unusual events and
makes minor adjustments in trajectory by gently tweak-
ing subsystems to push the aircraft toward level flight
on a predetermined heading. In this way, the autopilot
prevents major errors by handling multiple small errors
and correcting them. More advanced autopilots use ter-
rain following radar and other subsystems to automati-
cally fly the plane. However, even then, they rely on a
hierarchy of subsystems to actually execute flight.

For example, in designing a robotic system like the
DARPA Trauma Pod, which is planned to autono-
mously perform surgery on the battlefield, a workflow
engine will not do the surgery. It will check that the

Trauma Pod is ready for surgery, handle the logistic
aspects of assuring supplies and instruments are avail-
able, cleanup after robotic surgery is complete, restock,
sanitize, and prepare for the next surgery. In addition,
it will assure no sponges are left inside the patient, us-
ing Radio Frequency IDentification (RFID) technology.
When it sees exceptions, it will alert hierarchical sub-
systems or external systems to take appropriate action.
This approach, which MIT Prof. Rodney Brooks calls
a “subsumption” architecture, is a way to take a large
collection of dumb subsystems and orchestrate them to
exhibit intelligent behavior in robotic design [8]. The
same approach can be taken to monitor heterogeneous
distributed systems in a health care enterprise, which
are “dumb” in the sense they cannot communicate
well with one another or adjust well to one another. A
higher-level workflow engine operating like an autopi-
lot can alert subsystems or clinicians to perform adjust-
ments to patient processes before major problems oc-
cur. Hence, in this manner, a large collection of dumb
subsystems can be made to appear “smart.”

An adaptive workflow engine can be used to orches-
trate the behavior of the many disparate health care
systems in a surgery center through direct integration
via Web services, HL7 standards-based messaging, a
hybrid solution, or proprietary adaptors [32]. The abil-
ity to “capture” the function of legacy components in
an enterprise is a standard complex adaptive systems
strategy and the basis for introduction of intelligent
agents into advanced software systems [4].

Another important aspect of an autopilot is total
situational awareness of what is happening with sub-
systems and using that awareness to unobtrusively alter
aircraft behavior. The pilot of an aircraft wants an auto-
pilot to do its task so well that its operations are trans-
parent. In order to promote user adoption of new clini-
cal processes in a health care enterprise, the workflow
engine must be transparent to routine operations and
only become visible when a critical event occurs. The
introduction of RFID technology for capture of critical
data on patients, staff, instruments, and supplies helps
to make this possible.

8.5 Stealth Mode: Automated Data Collection

A stealth mode of data collection is needed to introduce
new technology without disrupting current manual
processes. By stealth mode, we mean automated collec-
tion of data that is normally observed, yet irregularly
captured because of lack of time and tedious manual
data entry procedures. It is essential data for managing
operations that is irregularly registered in a high-stress
environment, leading to erroneous perceptions that
generate to suboptimal organizational response.
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RFID technology can automatically monitor flow of
patients, staff, supplies, and equipment. Baseline data
can be captured for critical process points, bottlenecks
identified, and process improvement plans developed.
Monitoring critical events and evoking selective or-
chestration of behavior is required across multiple
health care information systems and care providers
that move a patient through the perioperative system
with dozens of points of clinical and administrative in-
teraction.

Passively monitoring operations with RFID technol-
ogy provides real-time data useful in constraint theory
analyses [16], an approach that can identify bottle-
necks and target selected initiatives that cause radical
improvement in throughput in an enterprise in a short
period. In addition, sensing systems combined with
workflow engines and inferencing applications can
anticipate future events, and trigger interventions that
alter the course of action, potentially saving patients’
lives, and certainly improving efficiency. RFID capabil-
ities are now being integrated into 802.11 access points
such that the RFID data can be seamlessly delivered to
a central network or database, with transaction specific
accuracy for the location of patients, staff, and hospital
assets [14]. Future refinements will allow real-time de-
termination of procedures performed by proximity of
a clinicians, patient, and instruments for an appropri-
ate period. Intelligent video can identify the nature of
processes underway in an operating room.

Baseline data gathered can be used for targeting
high-yield process interventions. In the initial phases,
this category of process improvements targets should
be implemented manually. When the manual solution
demonstrates success and the return on investment
(ROI) is positive, real-time process monitoring can be
implemented to sustain initial gains, widely deploy the
implementation within the organization, and support
an ongoing process improvement methodology.

Data mining of historical information can generate
new insights for process intervention. Real-time adap-
tation, combined with postprocess automated reflec-
tion generating new strategies for future adaptation is
a powerful feedback process that can progress a system
from strength to strength through continuous process
improvement.

8.6 A RECIPE for Incremental Systems
Evolution and Process Improvement

The health care goals of increasing revenue, reducing
cost, enhancing patient care, and improving customer
satisfaction are difficult to achieve due to high costs of
integration of legacy systems, cultural barriers to adop-
tion, and the intrinsically complex nature of health care

processes. Health care processes typically require deep
knowledge and expertise, are highly error prone, and
demand a significant requirement for cross-functional
workflow [13]. These issues present many barriers to
adoption of new technologies.

Research results from the Operating Room of the
Future project at the University of Maryland, valuable
insights from the business school and computer sci-
ence departments of the University of Tilburg in the
Netherlands, and feedback from the annual Future of
Health Technology Summit at the Massachusetts In-
stitute of Technology have led to the development of
a process for technology introduction that maximizes
probability of successful adoption by minimizing dis-
ruption of ongoing surgery operations. We call this
process a RECIPE for REal-Time proCess ImProve-
ment in health care [36].

RECIPE focuses on identifying bottlenecks in cur-
rent processes that can lead to development of small
incremental improvements. Most opportunities for in-
tervention can generate 30% improvement, and 100%
improvements are often achieved [34]. Strategically
introducing small incremental changes into current
processes can evolve over time into major institutional
transformation.

The RECIPE for incremental evolution of admin-
istrative and clinical processes consists of a planning
component, a testing component, and a technology
component.

The planning component is the responsibility of
clinical domain experts and requires:

e High-level mapping of end-to-end health care pro-
cesses

e Prioritizing opportunities for operational or clinical
improvements

e Detailed process mapping of selected process im-
provement areas

e Selection of precise mechanism for process im-
provements

e Establishment of research objectives and collected
of data for outcomes analysis

For example, the flow sheet below shows a high level
mapping of the patient visit needed to prepare for sur-
gery. Other data collected show that some steps in this
process are not completed in time or not completed
at all prior to surgery, causing delays. More detailed
analysis of exactly what happens at delay points al-
lows capture of baseline data and selection of specific
actions for process improvement. When a process im-
provement is introduced, follow-up data is compared
to baseline data based on a research protocol estab-
lished prior to the study. Formalized collection and
analysis of research data allows validation of findings
and data quality required for publication of research
results (Fig. 8.2).
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The testing component requires:

e Communication and validation of planned im-
provements with all stakeholders

e Manual introduction of the process change in a tar-
geted area of the institution

e Data collection to document the effect of the pro-
cess change

e Recommendations for automation of the process
improvement

The technology component requires domain know-
ledge and expertise in new technologies areas. Specifi-
cally:

e RFID technologies need to be evaluated, pilot proj-
ects initiated, and data collection and monitoring
strategies need to be defined.

e Workflow engines are increasingly embedded in
ERP and CRM systems for specifying, automating,
and updating operational protocols. This technol-
ogy needs to be evaluated, selected, and fine-tuned
for health care operations.

e Alerting and messaging systems need to be imple-
mented to reach any member of the clinical or op-
erational staff on any available device.

e Service-oriented architectures (SOAs) need to be
deployed to provide cost-effective integration with
enterprise and departmental systems.

e An operational database needs to be established to
store protocol specifications, state of protocol ex-
ecutions, and essential data collected as part of a
medical encounter record (MER) that is used for
workflow execution.

e Dynamic real-time application generation of work-
tlow requests for action or information is specified
and implemented.

e Automated reporting is essential for real-time op-
erations information and data mining of historical
workflow data.

e Monitoring and reporting on changes in baseline
data affected by incremental process improvement
needs to be automatically delivered to clinical and
administrative staff on a routine basis to demon-
strate and maintain process improvements.

The focus of all these efforts is to bring knowledge
gained in other industries into health care, such as
airport logistics [15], where deployment of these
techniques has placed Amsterdam Airport Schiphol
in the top three airports in the world with respect to
the passenger experience. Throughput can typically be
enhanced in virtually all operations: inventory can be
reduced through just in time delivery, quality can be
enhanced, and patient satisfaction of medical products
can be optimized through innovation and fine-tuning
at the level of individual clients.

Boston Medical Center, the city’s safety net hospital, is
becoming a model of how to bring relief to the nation’s
beleaguered emergency rooms, reducing treatment delays
and closures to ambulances when ERs are more crowded
than ever. BMC emergency doctors are treating more pa-
tients than they did last year and have reduced average
time in the waiting room from 60 minutes to 40 minutes.
The secret lies in a radical idea for medicine, but one that
has guided airport managers and restaurant hostesses
for years: Keep the customers moving.

S. Allen [1]

8.7 Applying the RECIPE to Perioperative
Systems Design

Perioperative systems design describes a rational ap-
proach to managing the convergent flow of patients
having procedures from disparate physical and tem-
poral starting points, through the operating room and
then to such a place where future events pertaining to
the patient have no further impact on operating room
operations (Fig 8.3). This process for an individual
patient can be envisioned as a nested set of timelines:
a coarse-grained timeline beginning with the decision
to perform an operation and ending when the patient
definitively leaves the postoperative occurrence, and
a fine-grained timeline encompassing the immediate
pre-, intra-, and postoperative course. At each point,
physical infrastructure and work processes affect the
progress of patients along these timelines. Starting
from this construct, perioperative systems design can
be conceptualized, studied, and optimized like any
industrial process in which many materials, actors,
and processes are brought together in a coordinated
workflow to achieve a designed goal. Figure 8.3 shows
nested, interactive timelines around the preoperative
period, the intraoperative period, and the postopera-
tive period. Of interest, is that there are as more activi-
ties before and after surgery than during surgery.

8.8 Perioperative Systems Acceleration Tool
in the Preoperative Period

In the preoperative period the Perioperative Systems
Acceleration Tool (PSPAT) needs to orchestrate and
monitor the following activities:

Patient identification

Diagnostic workup

Incoming patient medications and allergies;
Surgery schedule

Determine staff readiness
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The first two tasks serve to identify the patient and the
corresponding diagnoses so to avoid any mistakes. For
example, wrong-site surgery makes up 2% of medi-
cal error [17]. A surgery scheduling system is used to
schedule patient, staft, and operating room. At UMMC,
a third of surgeries each day are unscheduled; the
scheduling problem is extremely difficult in a surgical
setting. There are many moving parts to be coordinated
and many unanticipated events.

Supplies and equipment must be prepared before
surgery, and the case cart with all items needed must
be in the operating room before surgery. Case cart
readiness was a major problem at UMMC prior to be-
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ginning this study. A substantial amount of paperwork
and lab tests must be gathered an interpreted before
surgery. There are many points where delays can be
induced in the system. As a result, surgery start times
are often late, which has major revenue and cost im-
plications. Process mapping and monitoring of critical
points can significantly increase patient throughput.
Monitoring patient entry into the operating room
and patient readiness for surgery are critical to success-
ful outcomes, particularly with respect to patient safety.
Automated monitoring of positioning and timing of
the patient can reduce manual data entry, increase ac-
curacy, and provide analytical data essential to plan-
ning for process improvement. However, some impor-
tant processes need to remain manual. One of the best
processes has been established at the Massachusetts
General Operating Room of the Future facility, where
the surgeon talks with the patient just prior to anes-
thesia. The patient is asked, without any prompting in-
formation, why he or she is there, what procedure is
to be performed, and where it is to be preformed. The
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patient points to the spot and the surgeon confirms it
has been marked properly. The attending surgeon then
asks the resident surgeon to check the medical records
of the patient and confirm that everything the patient
just stated is in the record. The patient is then anes-
thetized and brought into the operating room. Prior to
start of the procedure, the attending surgeon repeats
to the surgical team exactly why the patient is there
and what procedure is to be accomplished. The team
is asked if they agree. There is a moment of silence
until every person on the team gives indication of as-
sent before the procedure begins. This process is very
much like a preflight check when operating a military
or commercial aircraft. Careful attention to detailed
procedures and cross checks prevents many disasters.
Unfortunately, this process is not rigorously followed
in most operating rooms.

8.9 PSPAT in the Intraoperative Period
Intraoperative tasks include:
Anesthesia equipment preparation
Anesthesia

Patient identification

Anesthesia evaluation

Intubation

Surgical hands-on

Patient positioning

Patient prep and drape

Incision

Primary surgery

Closing

Emergence from anesthesia
Extubation

Patient transport

PSPAT assumes that the anesthesiologist intubates and
monitors the patient while the surgical team does the
surgery. It monitors surgery start and stop times, man-
ages schedule irregularities, assures proper inventory
of supplies, instruments, and equipment, and commu-
nications externally when operating room needs arise.
Patient safety is supported by patient identification and
RFID technology used to check inventory and make
sure no supplies are left inside the patient.

8.10 PSPAT in the Postoperative Period

Postoperative issues include:
e Patient transportation
e Patient handoft to recovery area

Postop lab tests

Assessing lab test irregularities

Monitoring recovery from anesthesia

Dealing with issues around prolonged recovery
Pain management

Adverse reaction to pain treatment

Discharge

When surgery is complete, the patient is moved to a
recovery area and monitored carefully. Appropriate
laboratory tests are performed, and any abnormali-
ties are assessed for further treatment. Pain is carefully
managed along with any adverse reactions to the sur-
gery, allergic responses, and postsurgery medication or
treatment.

All of these issues need to be deal with by a combina-
tion of human and automated systems. At a minimum,
PSPAT maintains an MER. This consists of all relevant
data on patient flow through the perioperative process.
It is collected, processed, evaluated, and updated by a
workflow engine. The MER provides data for the dis-
charge summary, and updates the external medical re-
cord. In addition, PSPAT may be tasked with monitor-
ing protocols around lab tests and pain management,
as well interfacing with transportation subsystems and
handoft of the patient to external systems.

8.11  PSPAT at the University of Maryland

Medical Center

The University of Maryland Medical System designed
a PSPAT that provides an integrated workflow engine,
rules engine, logistics engine, MER repository, and
interface engine, coupled with extensive connectivity
to all relevant external enterprise systems. PSPAT will
passively monitor the location and availability of pa-
tients, staff, supplies, instruments, equipment, and op-
erating facilities; watch the convergence of the surgery
team, supplies, instruments, and equipment around
the patient and intervene to assure that critical person-
nel and physical requirements are met in real time; and
initiate alternative protocols and actions when planned
perioperative schedules cannot be met or patient safety
is at risk.

The basic concepts in PSPAT are information up-
take from a wide variety of clinical systems; calculation
of current state of clinical processing; and generating
a set of reactions to current state in order to move it
towards organizational goals for efficiency, safety, and
improvement of patient outcomes (Fig. 8.4).

In the context of an automated operating room of the
future, it is essential to wrap information technology
around the surgery to support the entire perioperative
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Fig. 8.4 Perioperative Systems Process Acceleration Tool (PSPAT)
process, and orchestrate behavior between heteroge- 8.12  PSPAT Components

neous systems that exist outside, yet support the sur-
gical procedure, and are mandatory for patient safety
and support of treatment before and after surgery. In
particular, it is essential to provide a lightweight MER
repository capable of managing the information input
of a patient record, diagnostic and triage information,
vitals and I/Os data collection, automated lab tests and
patient scans, treatment plans, order sets and protocols,
surgeon preference lists for supplies and equipment,
Web-based visual display of patient information for
external telemedicine clinicians, and reordering and
restocking supplies management. Postsurgical care,
discharge summaries, and externally posting of up-
dates to the patient’s medical record are essential. The
medical facility picking up the patient for postsurgical
care must have up to date medical information that in-
corporates all procedures, medications, and diagnoses,
along with discharge medications and recommenda-
tions for follow-up.

PSPAT will use existing clinical and logistics systems
to the maximum extent possible. For example, there
is an enterprise-wide clinical repository that supports
computerized physician order entry. Several equipment
and supply information systems support perioperative
activities. Integration with these systems allows PSPAT
to use these systems as both data sources and imple-
mentation systems for adaptive process improvement.

This section provides a conceptual overview of PSPAT.
In some cases technology is available and implemented.
In others, selection activities are underway. Some com-
ponents are in the prototype stage. All are based on
available commercial products.

8.12.1 A Workflow Engine

The workflow engine is the heart of the PSPAT. It un-
derstands the steps of the perioperative system design
and beats as it executes perioperative processes step
by step. It pumps information and moves it through
various organ systems of the PSPAT. The organ sys-
tems provide services to the workflow engine that help
it execute its tasks. The key service components of the
workflow engine are (1) adapters to extract informa-
tion from any human or machine source of essential
data; (2) a virtual information repository to store the
MER, along with process definitions and key infor-
mation elements required for process execution; (3) a
rules engine to do intelligence processing of essential
information to answer questions posed by the work-
flow engine as to current state; (4) an alerting and mes-
saging system to inform or request other parts of the
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health care system to perform tasks, request informa-
tion, or advise on completion of critical tasks; (5) a re-
porting system to monitor timely task completion and
provide summary data for outcomes analysis; (6) a lo-
gistics subsystem to manage inventory and ordering of
supplies, instruments, and equipment; and (7) a Web-
based telemedicine view of all data and process states
for external human interaction and observation.

Workflow engines designed to streamline, automate,
and re-engineer business processes are rarely deployed
in health care. Here we assess the most prevalent initia-
tives in this domain. For this purpose, it is important
to make a distinction between workflow management
systems products of the 1990s, which were monolith-
ic in nature, and current workflow engines designed to
be embedded as a software tool in a service-oriented
architecture [22]. The most advanced workflow engine
prototype for health care designed specifically for Web-
based integration with legacy systems was Big Work-
flow, developed at IDX Systems in the late 1990s in col-
laboration with computer scientists from IBM Watson
Laboratories [28, 29, 32]. Several prototypes have been
developed for clinical and administrative systems us-
ing the University of Georgia METEOR Workflow
Management System [3]. Strategies for using work-
flow technology to capture legacy systems and repur-
pose them for use with more current technologies are
critical for health care and have been well documented
[33]. Enterprise modeling for business process trans-
formation in health care, serving as a basis for config-
uring medical workflow engines, has been examined in
Singapore [13].

8.12.2 Adapters to Gather Information
from any Human or Machine Source

The role of the interface engine and adapters is to trans-
form all data into XML on a Web information bus. This
allows standards-based Web technologies and open
source tools to be applied to ongoing PSPAT enhance-
ment.
PSPAT has an interface engine and adapters de-
signed to support a wide variety of interface types:
e XML remote procedure calls used for system inte-
gration over IP networks
e HL7 transactions used to transport medical data be-
tween medical information systems
e SQL interfaces designed to interact with any SQL
database, e.g., XX
e Custom interfaces of any type for specialized sys-
tems such as medical devices or robots

The strategic goal of PSPAT is to reduce integration
maintenance costs by at least an order of magnitude.

This is critical, as new process improvement targets
may require acquisition of data from new systems on
an ongoing basis. The software architecture for PSPAT
in the UMMC is based on open source software devel-
oped on Web services protocols (Fig. 8.5).

8.12.3 MER: Virtual Information Repository
for the Workflow Engine Access

A key concept for management of process workflows
is that a package of information flows with the patient
through every point in the perioperative process. Up-
dating that package shows the real-time state of the
patient in process sufficient for the workflow engine
to determine what step of the process the patient is in,
whether a step in the process is complete, if conditions
are met that are necessary to move to the next step, or
to ask a specialist to tell the system what the next step
should be. This package or MER captures essential real-
time data necessary to efficiently and safely manage
patient flow.

This package concept is an essential component of
the architecture for Boeing Computer Systems and fol-
lows an airplane or missile through the entire assembly
line process. It is stored in a virtual repository in that
primary data resides in hundreds of heterogeneous
financial, design, and factory automation systems
throughout the Boeing Company. The concept was re-
fined through work with the NIST Automated Manu-
facturing Research Facility (AMRF) [6] and Titan Sys-
tems Corp [35]. It is here extended to health care.

MER information is the fuel for workflow engine
processing. The workflow engine will seek out the re-
quired information from multiple data sources related
to each step the patient goes through in the periopera-
tive process. These sources include, but are not limited
to, the electronic medical record used house wide, the
perioperative software system, the pharmacy software
system, the clinical laboratory software system, the pic-
ture archiving system (PACS) used for accessing digi-
tized images, and others. Having user interfaces for the
workflow engine Web based, PDA based, and wireless,
will provide for easy access to any data source from any
location to obtain whatever information is needed for
the current step of the workflow process.

8.12.4 A Rules Engine to Provide Intelligent
Agent Support for the Workflow Engine

The rules engine maintains a state network or a set of
constraints representing medical policies so that at
any time (present or historical) the state of all patients
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for which data has been received is known. Therefore,
upon receipt of new data, the network is updated to
reflect any changes in patient, staff, operating room,
equipment, or supplies state.

Additionally, actions are defined for rules that have
become satisfied. The rules engine is designed to work
in conjunction with a physician mobile application
platform that will run clinician applications and dis-
play appropriate alerts, reminders, and requests for in-
formation. The rules incorporated in such applications
push them to the level of intelligent agents.

In addition, since the rules engine can store the state
network of information for all patients in the peri-
operative process, it can detect scheduling and other
issues across all patients in real time. This is achieved
by checking the state of patient data extracted from un-
derlying databases that are accessed through adapters.

Rules may be modified, extended, or included to
accommodate new medical insights, hospital, or gov-
ernmental policies. As a result, the rules environment
can evolve with human input to maximize patient
throughput, efficiency, and safety of the perioperative
process.

We Make Healthcare Mobile™

8.12.5 An Alerting System to Ensure Timely
Completion of Clinical Events

The workflow engine will use as a service a compre-
hensive alerting system to send messages of any type to
any device type, supported by the rules system. It has
the additional capability of sending a dynamic query
form to an external human interface for data the rules
engine needs to process a clinical pathway. In essence,
these are “smart alerts” The alerting system can incor-
porate remote telemedicine experts into the surgery
process as required.

8.12.6 A Reporting System to Access Outcomes
Data in Real Time

The MER stores the state of each patient in a compre-
hensive clinical data repository and keeps a record of
important state transitions for future analysis. This
allows the development of queries to determine im-
provement in outcomes over time with respect to pa-
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tient care, efficiency of scheduling and utilization of re-
sources, and the frequency of adverse events detected
in the perioperative systems processes.

8.12.7 A Logistics Subsystem to Manage
Inventory

The workflow engine orchestrates processes and man-
ages communication of needs and requirements to ex-
ternal systems. It assures that required inventory is on
hand to support scheduled surgery and manages reor-
der of consumable supplies.

8.12.8 Web-Based Telemedicine View

The PSPAT rules engine has the capability of dynami-
cally generating Web-based views of all clinical data,
processes, and process states. It can also generate dy-
namic applications to request or transmit data to any
human or machine participant in the perioperative
process. This capability will allow external human ob-
servers or participants in the perioperative process to
view process flow inside the operating room.

8.13  Research Directions

PSPAT will continue to be a proof of concept effort
without focused research in the areas of interoper-
ability of medical systems and additional work in the
development of open source Web services based proto-
cols appropriate for clinical models like surgery. Work
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Tight
Coupling

Phase 5:
Agentified
dynamically

in this area has been promising; although there is a
need for a dedicated surgical extensible markup lan-
guage that will make brokering information between
surgery-based systems and technology relatively easy
and inexpensive. This section will discuss the impor-
tance of Web services technology to the advancement
of technology in surgery.

8.14 Web Services

Some of the current interfaces in health care, particu-
larly financial interfaces, are still batch oriented. The
majority of clinical system interfaces are point-to-
point, using HL7 version 2-formatted messages. These
are difficult to implement and maintain because the
HL7 version 2 standard specifies format, but not the se-
mantics of the data put into formatted areas. As a result,
every interface in unique and it is sometimes impos-
sible to overcome semantic differences in the meaning
of data items as they exist in disparate systems.

HL7 version 3 specifications are based on the HL7
RIM object model and specify structure, semantics, and
constraints on data to improve system interoperability.
The HL7 standard also specifies XML implementations
useful for processing transactions on the Web. The con-
cept of HL7 EHR services that could be used generi-
cally for any EHR to access data in any other EHR is
in the early stages of analysis and design. It is, however,
fundamental to true interoperability of clinical systems
and medical devices and would facilitate tight coupling
of systems via Web transactions (phase 3 in Fig. 8.6).

Full specification of HL7 version 3 Web services
would streamline implementations of PSPAT by allow-
ing the PSPAT workflow engine to more easily orches-
trate behaviors across disparate health care systems

4
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and medical devices. Early work is underway jointly
by HL7 and the Object Management Group [27], and
a software factory implementation using the latest Vi-
sual Studio tooling has been specified by Microsoft [2].

The highest stage of interoperability (phase 5 in
Fig. 8.6) would allow agents to implement goal-seek-
ing behavior based on collaborative orchestration of
higher-level services provided by one or more work-
flow engines [21]. These will be essential to future mili-
tary systems now being prototyped using autonomous
robots as surgeons [12].

8.15 Conclusion

Work on the Operating Room of the Future at the Uni-
versity of Maryland Medical System in partnership with
technical experts from PatientKeeper and the Univer-
sity of Tilburg, using approaches described above is the
first known prototype implementation of a standards
based workflow engine in an operating room suite to
monitor, manage, and improve throughput, while en-
hancing patient safety and patient care.

Extensive implementation of heavyweight, propri-
etary systems in health care has created islands of au-
tomation that create excessive expense, high cost of
technology change, crippled functionality due to lack of
integration of disparate systems, extremely high rates of
medical error, and low quality of patient care and patient
satisfaction. It is possible to use low-cost, open source,
standards-based approaches in the implementation of
operating facilities information systems infrastructure.
High levels of integration using a Web services bus and
proven components can enhance functionality, reliabil-
ity, performance, and patient safety.

The advent of new technologies including RFID,
mobile/wireless technologies, automated business
process management (internet workflow systems and
intelligent agents), SOAs, and business process man-
agement (BPM) opens up new ways of automating
business processes, overcoming barriers to technology
adoption, and resolving problematic issues like patient,
staff, and equipment location [25]. Total situational
awareness of events, timing, and location of critical
health care activities makes possible real time process
improvement by (1) anticipating future behaviors of
complex systems, (2) displaying the probable futures of
complex operations to all affected personnel, (3) gen-
erating self-organizing change in behaviors of humans
and machines, (4) erasing a possible negative future
outcome, and (5) replacing it with a modified future
outcome that meets organizational goals.

The RECIPE approach makes it possible to unobtru-
sively introduce real time process improvement into an
operational health care environment through:

e RFID tracking of patients, staff, supplies, instru-
ments, equipment—accumulating baseline data

e Analysis of patient flow bottlenecks and develop-
ment of process improvements targets
Manual testing of process improvements
Integration of a standards-based workflow manage-
ment system into the enterprise information tech-
nology infrastructure

e Small incremental process improvements intro-
duced through the workflow engine with rapid fine-
tuning
Make disruption visible proactively
Orchestrate human and machine behavior to antici-
pate and resolve problems

e Dynamic application generation: real-time support
for workflow engine to obtain information needed
at any step of process

The potential gains from this approach are enormous in
terms of improved efficiency and patient safety. Simply
understanding the process of workflow enhancement
of clinical processes generated a 100% improvement
in supply and instrument readiness in a large operat-
ing room suite. Full implementation of an automated
workflow facility with integration into production
clinical systems could induce a radical reinvention of
clinical process integration, resulting in improved pa-
tient outcomes, an enhanced staff working environ-
ment, significant cost reduction, and enhancement of
institutional revenue.

Even more important, effective implementation of
the RECIPE approach would automate feedback mech-
anisms for routine, systematic, ongoing enhancement
of clinical processes. Implementation of intelligent
automated systems in other domains with computer-
ized feedback loops have led to emergent architectures
with higher adaptability, capability, extensibility, and
maintainability than could be initially conceived by the
original designers of such systems [9, 11]. By doing so,
RECIPE open ups ways to move away from medical
production systems, and facilitate ad hoc, autonomic
workflows that are capable of adjusting themselves to
new situations, monitor and recover from disruptions,
and deal with attacks from anywhere.
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9.1 Introduction

The world of surgery, having so long been isolated
from computers, is evolving. The adoption of robotic
technology is widespread. It covers the spectrum of
surgical specialties and crosses international boundar-
ies. More than 10,000 operations have been performed
using the da Vinci® surgical system. General surgeons,
urologists, neurosurgeons, thoracic surgeons, cardio-
vascular surgeons, gynecologists, and vascular sur-
geons alike are using the system. The range of robotic
cases ranges from the simplest cholecystectomy to the
most complex mitral valve repair. An informal survey
conducted in 2004 by our university showed that ap-
proximately 200 systems in the United States, 60 sys-
tems in Europe, and 6 systems in Asia are currently in
clinical use. At the University of Illinois at Chicago, we
have performed more than 300 robotic-assisted proce-
dures (Table 9.1). In this chapter, we review the current
application of robotics in general surgery.

Table 9.1 Robotic-assisted procedures performed at the Uni-
versity of Illinois

Procedure Number of cases

Cholecystectomy 1
Roux en-Y gastric bypass 110
Adjustable gastric banding 30
Heller myotomy 50
Nissen fundoplication 5
Epiphrenic diverticulectomy 6
Total esophagectomy 18
Esophageal leiomyoma resection 3
Pyloroplasty 1
Gastroyeyunostomy 2
Transduodenal sphincteroplasty 2
Adrenalectomy 10
Donor nephrectomy 120

9.2 Cholecystectomy

Since the first robotic-assisted cholecystectomy was
performed in 1997 by Himpens et al. in Belgium [1],
several case series were reported in the literature [2, 3].
The authors of these studies did not find any significant
advantages over conventional laparoscopic surgery
when using the robotic system to perform the opera-
tion. They stated that the need for a specially trained
operating room staff was an unnecessary hindrance
for a low-complexity procedure. They also stated that
the operating room costs were higher with the robotic
system, due to more expensive instrumentation, robot
time, and longer case time. In addition, they indicated
that it was extremely difficult to perform a cholangio-
gram with the system in place due to the large footprint
and bulk of the robotic arms. At this time, there are
no case studies or randomized controlled trials large
enough to suggest the expected decrease in complica-
tions of cholecystectomy, such as common bile duct
(CBD) injury. In conclusion, we postulate that the ad-
vantages of robotic technology may have potential use
in advanced procedures such as repair of the common
bile duct after injury, but that current evidence does
not support the routine application of this technology
in laparoscopic cholecystectomy.

9.3  Bariatric Surgery

The field of bariatric surgery benefited greatly from the
introduction of minimally invasive techniques. Ro-
botic-assisted surgery represents a small but growing
subset of minimally invasive surgical applications that
enables surgeons to perform bariatric procedures with
minimal alteration of their current laparoscopic or
open technique. A survey of surgeons in 2003 showed
that only 11 surgeons in the United States were cur-
rently using a robotic surgical system for bariatric sur-
gery [4]. The reason for this is the small number of bar-
iatric cases performed laparoscopically (10%) in the
United States and the limited number of institutions
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with a robotic system. The first robotic-assisted adjust-
able gastric banding was reported in 1999 [5], and the
first-ever robotically assisted gastric bypass in Septem-
ber 2000 by our group [6].

9.3.1 Robotic-Assisted Roux-en-Y Gastric
Bypass

The procedure that benefits most from robotic as-
sistance in the field of bariatric surgery is the gastric
bypass. Our group currently uses the system to per-
form a robotic-assisted, hand-sewn gastrojejunos-
tomy for completion of the laparoscopic Roux-en-Y
gastric bypass procedure. The operative room is set
up as shown in (Fig. 9.1). The first part of the opera-

tion is performed laparoscopically; a small pouch and
a 120-cm limb are created. After this, the robot is put
in place and a running two-layer, hand-sewn antecolic
antegastric gastrojejunal anastomosis is performed.
We believe that performing a hand-sewn anastomosis
offers the best method to decrease the risk of leak. We
recently completed analyzing the data of our robotic
bariatric surgeon and a surgeon at an outside institu-
tion. Both surgeons were junior faculty and were well
within the steep learning curve of the minimally inva-
sive approach. They have now completed close to 200
procedures without an anastomotic leak. They have
also experienced significantly fewer strictures than the
9-14% expected rate of circular stapler anastomotic
techniques [7, 8]. Performing a hand-sewn anastomo-
sis also eliminates the requirement of passing a stapler
anvil down the esophagus (avoiding the risk of esopha-
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Fig. 9.1 Operating room set
up for esophageal surgery and
gastric bypass
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geal injury) or adding an additional stapler line after
passing the anvil transgastric. In addition, our survey
of national robotic surgeons revealed that 107 cases of
robotic-assisted Roux-en-Y gastric bypasses were per-
formed by seven surgeons in the United States in 2003
[4]. The main utility of the robotic system was found
to be in creating the gastrojejunostomy, the articulat-
ing wrists, three-dimensional view, and motion scaling,
allow a precise hand-sewn anastomosis [4] (Fig. 9.2).
This was most notable in patients with a high basal
metabolic rate ([BMI] greater than 60 or super obese)
and/or those patients with an enlarged left hepatic lobe,
which greatly decreases the working area beneath the
liver. Regarding operative time, surgeons having an
experience greater than 20 cases reported that prepara-
tion for the robot can be decreased to as little as 6 min
and robotic work time can also diminish by 50% [4].
Our institutional experience and that of the sur-
geons who responded to our survey is that robotically
assisted hand-sewn gastrojejunostomy is superior to
any currently available minimally invasive anastomotic
technique. This technique has the potential to diminish
the leak, stricture, and mortality rates of this procedure
[4]. However, larger studies conducted in prospective

LA

Fig. 9.2 Gastrojejunal anastomosis for gastric bypass

randomized fashion still need to be performed to ver-
ify our currently perceived clinical advantages.

9.3.2 Robotic-Assisted Adjustable Gastric
Banding

Robotic-assisted adjustable gastric banding is also
performed at select institutions. Three of 11 surveyed
robotic-assisted bariatric surgeons in the United States
were using the da Vinci® System in 2003 [4]. At the
University of Illinois at Chicago, we began random-
izing patients to robotic or laparoscopic adjustable
gastric banding placement in 2001. We found similar
outcomes in length of hospital stay and weight loss, al-
though the operative time was significantly longer in
the robotic group [4]. In our experience, we were able
to distinguish the advantages of the robotic approach
from the disadvantage of increased operative time. It
was apparent that patients with BMI greater than 60
would benefit most. In these patients, the increased
torque on conventional laparoscopic instruments
makes precise operative technique vastly more diffi-
cult. Robotic instruments are thicker (8 mm), and the
mechanical system is able to deliver more force while
operating in these patients with thick abdominal walls.
The mechanical power provided by the robotic system
provides relief to the operating surgeon, eliminating
the struggle to maintain instrument position or counter
the torque from rotating instruments around the fixed
pivot point. In addition, the increased intra-abdominal
fat content and size of the viscera, especially the liver,
in these patients leaves a much smaller operative field.
In this situation, the robotic manipulation of the ar-
ticulating instruments in small working areas provides
significant advantage. Given these observations, we are
currently using the robotic system in patients with a
BMI greater than 60.

9.3.3 Robotic-Assisted Biliary Pancreatic
Diversion with Duodenal Switch

The third bariatric procedure being perfomed is ro-
botic-assisted biliary pancreatic diversion with duo-
denal switch (BPD-DS). Three surgeons are currently
using the robot for this procedure, Drs. Ranjan and
Debra Sudan from Creighton Hospital in Omaha, and
Dr. Gagner from Mount Sinai in New York [4]. Most
reports describe performing the duodenojejunal anas-
tomosis with robotic-assistance. No comparative data
have been reported. However, the stated advantages
are the system’s ability to complete an otherwise difhi-
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cult and advanced laparoscopic maneuver with greater
ease and more precision, with no untoward effects.

9.4 Esophageal Surgery

Advanced esophageal procedures, previously requiring
large open and at times thoracic incisions, can now be
performed minimally invasively providing decreased
pain and hospital time to the patient. The general rules
for all the esophageal procedures performed via the
abdomen are similar. For the trocar placement, the
first port placed is 12 mm, and is placed using a gasless
optical technique. It is positioned two fingerbreadths
lateral to the umbilicus and one palm width inferior
to the left subcostal margin. The position of this port
is optimal for viewing the gastroesophageal junction,
and the size is appropriate for the robotic camera. One
8-mm robotic port is then placed just inferior to the
left costal margin in the midclavicular line. A 12-mm
port is then inserted again inferior to the left costal
margin but in the anterior axillary line. The large size
of this port is essential for the insertion of stapling de-
vices, and clip appliers by the assistant if needed. The
extreme lateral position is necessary for proper retrac-
tion, and avoidance of collisions with the robotic arms.
A Nathanson liver retractor is then inserted just infe-
rior to the xiphoid process. The liver is then retracted
anteriorly, exposing the esophageal hiatus, and another
8-mm robotic port is inserted inferior to the right cos-
tal margin in the midclavicular line. The room setting
and the position of the robotic system is similar in all
the advanced esophageal procedures (Fig. 9.1). In the
following esophageal procedures, with exception of the
Nissen fundoplication, we found benefits in the robotic
assisted approach when comparing with the laparo-
scopic technique. Although the Nissen fundoplication
is a very useful procedure to learn robotic surgery, in
our experience it has been shown to prolong the opera-
tive time with similar postoperative results.

9.4.1 Heller Myotomy

Achalasia, a disease of unknown etiology, results in
failure of lower esophageal sphincter (LES) relaxation
and aperistalsis. The incidence is about 1 in 100,000 in
North America. Options for medical management in-
clude medication, botulinum toxin injection, and bal-
loon dilatation. None of nonsurgical treatments have
been as successful as surgical myotomy. Many years
after Heller performed the first surgical myotomy, the
minimally invasive surgical techniques became the
gold standard of the surgical treatment for the achala-

sia. However, the surgeons are still hampered by their
inability to have flexible instruments and high-defini-
tion video imaging. The robotic system is ideally suited
for advanced esophageal surgery, and we have applied
this technology in our surgical approach to achalasia.
The myotomy is extended a minimum of 6 cm proxi-
mally and 1-2 cm distally onto the gastric fundus.
Failure to achieve adequate proximal dissection of the
esophagus with a subsequent short myotomy is the
most common reason for failure. Therefore, the dis-
section of the esophagus should extend well into the
thorax in order to complete the myotomy. The laparo-
scopic approach in this small area is often difficult and
frequently the visual field is obscured by the instru-
mentation. The articulating wrists of the robot enable
the surgeon to operate in the narrow field around the
thoracic esophagus without this limitation. Perforation
of the esophageal mucosa, seen in 5-10% of laparo-
scopic cases independent of the surgeon’s experience,
is the most feared complication when performing a
Heller myotomy. The three-dimensional view with x12
magnification and the natural tremor of the surgeon’s
hand eliminated through electronic filtering of the ro-
botic system allow each individual muscular fiber to
be visualized and divided ensuring a proper myotomy,
diminishing dramatically the incidence of perforation
(Fig. 9.3). Following the myotomy and crural closure,
we complete a Dor fundoplication. In the last 4 years,
our group performed 50 robotically assisted myotomy
for achalasia at our institution. In our series, we have
not experienced a single perforation, even though
many of our patients were treated with Botox preoper-
atively; a similar number of cases have been compiled
by Dr. Melvin at Ohio State University, with similar
results. The average length of hospital stay is 1.5 days
(range: 0.8-4), with no conversions and a 100% suc-
cess rate. We strongly believe that the robotic-assisted
approach will be the gold standard for Heller myotomy
in the near future.

Fig. 9.3 Robotic myotomy of circular esophageal fibers
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9.4.2 Resection of Epiphrenic Diverticulum

Epiphrenic diverticulum is an uncommon entity that
most frequently occurs on the right side of the distal
10 cm of the esophagus. The pathogenesis of esopha-
geal diverticula remains controversial [9]. The most
common symptoms are dysphagia, heartburn, and re-
gurgitation of undigested food particles. Surgery is in-
dicated in symptomatic patients, and a myotomy at the
time of the excision is recommended when abnormal
motility is present. Longer instruments and reticulat-
ing wrists allow surgeons to extend the dissection deep
into the thorax for more proximal diverticula and to
operate in tight quarters, manipulating the esophagus
without causing undue tension or torque on this struc-
ture. The robotic system clearly facilitates the dissec-
tion of the neck of the diverticulum when compared
with conventional laparoscopic instruments. Once the
diverticulum neck is identified and dissected free, the
diverticulum is resected using an endoscopic linear
stapler. Endoscopy is used to aid in identification of the
diverticulum intraoperatively, and for inspection of the
staple line following removal. When preoperative test-
ing reveals a motility disorder, a myotomy with a Dor
fundoplication is performed. The robotic-assisted ap-
proach via the abdomen has been used in six patients
within our institution. As with myotomy for achalasia,
we feel the robotic system markedly improves the ac-
curacy which this can be performed thereby reducing
the chance of mucosal perforation.

tion, the articulating hook makes possible a safe peri-
esophageal dissection, preventing bleeding and trauma.
Additionally, the robotics instruments are 7.5 cm longer
than are standard laparoscopic instruments; therefore,
it is possible a greater proximal mobilization beyond
the level of the carina and a thoracoscopic approach
is not necessary. With the esophagus fully mobilized,
the stomach is then tubularized along the lesser curve,
using several fires of a Linear Cutting Stapler (Ethicon,
Cincinnati, Ohio). The esophagus is removed through
the neck, and the anastomosis is performed. A total of
14 patients have undergone robotically assisted total
esophagectomy for a diagnosis of high-grade dysplasia
at our institution. In our series, the total operative time
was 279 (175-360) min, including robotic setup time.
Our last five cases averaged 210 min (range 175-210).
The intraoperative average blood loss for the combined
robotic and open cervical portions of the operations
was 43 (10-60) ml. There were no intraoperative com-
plications, and no patients developed laryngeal nerve
injury postoperatively. The hospital stay averaged 8
(6-8) days. There have been no deaths, and our current
average follow up is 264 (45-531) days. We believe that
with minimal blood loss, short hospital and ICU stays,
and lack of mortality, robotically assisted transhiatal
esophagectomy has proven to a safe and effective op-
eration. However, randomized controlled trials need to
be conducted to inspect oncologic integrity if this op-
eration is to be performed in patients with diagnoses

other than high-grade dysplasia.

9.4.3 Total Esophagectomy

The benefits of using laparoscopic technique for total
esophagectomy have been already reported [10, 11].
The laparoscopic transhiatal dissection of the esopha-
geal body near the pulmonary vein, the aorta, and the
parietal pleura is very challenging. Our first robotic-as-
sisted transhiatal esophagectomy was reported in 2003
[12]. For this procedure, the thoracic portion of the op-
erations (via the abdomen) is undertaken with the ro-
botic system, and one assistant port. The cervical anas-
tomosis is carried out with an open cervical incision in
all cases. The articulated instruments using the robotic
system allow precise blunt and sharp dissection of the
intrathoracic esophageal attachments. The benefits of
robotics are maximized in this surgery in that the re-
ticulating writs allow the surgeon to navigate such a
narrow space of dissection. Because of this reticulation,
the shaft of the instruments is out of the surgeon’s view,
keeping the field clear. The three-dimensional image
and the chance of magnification of the operative field
view provide extreme detail and clarity. When scarring
is present, making tissue less yielding to blunt dissec-

9.4.4 Esophageal Leiomyoma

Leiomyoma is the most common benign mesenchymal
esophageal tumor, representing up to 80% of benign
esophageal tumors. Anatomically these neoplasms are
localized to the middle and lower thirds of the esoph-
agus, in most cases as a single lesion [13]. The most
common symptoms include dysphagia and atypical
chest pain. Surgical intervention is indicated not only
for pain but also in asymptomatic patients in order to
prevent the excessive growth that can complicate pa-
tient well-being and future surgical resection. For re-
section of a leiomyoma, the patient is placed in the left
lateral decubitus position and a robotic-assisted thora-
coscopy is performed via five trocars. Circumferential
dissection of the esophagus is performed using the
hook electrocautery robotic extension. The articulated
instruments allow the surgeon to place the grasper be-
hind the esophagus without producing torque, which
is frequent with rigid thoracoscopic instruments and
facilitate a safe dissection of tumors that lie near the
azygous vein. The isolation of the tumor starts by tran-
secting the longitudinal muscular layer (myotomy), us-
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Fig. 9.4 Robotic-assisted enucleation of a leiomyoma

ing the articulating robotic electrocautery. Then, blunt
and sharp dissection is used to enucleate the tumor
from the esophageal wall (Fig. 9.4). The articulating
wrists allow a precise closure of the myotomy in a run-
ning fashion to complete the procedure. In our series,
we have not seen mucosal injury, which we attribute to
the better visualization, precise dissection afforded by
the articulated instruments, and tremor control pro-
vided by the robotic system [14].

9.5 Pancreatic Surgery

The application of minimally invasive techniques for
pancreatic surgery remains in its infancy. Since the first
endocrine pancreatic tumor resection was reported by
Gagner and Sussman in 1996 [15, 16], only one robotic-
assisted pancreatic tumor resection case was reported
by Melvin in 2003 [17]. Melvin’s group has also reported
the experience of pancreatic duct reconstruction after
open pancreaticoduodenectomy. Although there are
no reported data available, Giulianotti et al. from Italy
have performed more than 20 robotic Whipple resec-
tions with very good results. Robotic pancreatic resec-
tion is feasible, but further advances in techniques and
technology are necessary and future experience will
determine the real benefits of this approach.

9.6 Gastric Surgery

A limited number of robotic-assisted gastric surgeries
were reported in the United States. These include pylo-
roplasties, gastric mass resections, and gastrojejunos-
tomies [6, 18]. In Japan, a country with high incidence
of gastric cancer, the laparoscopic treatment for early
gastric cancer has been used with good results [19].
Hashizume et al. reported the use of the robotic system

to perform surgery for gastric cancer. The benefits of
the EndoWrist, the scaling and the tremor filtering, was
found to be extremely useful when performing wedge
resections, intragastric resections, and distal gastrec-
tomies [20]. Even though the initial results can be en-
couraging, more experience is required to establish the
role of the robotic system in the gastric surgery.

9.7 Colorectal Surgery

The introduction of laparoscopy to colorectal surgery
extended benefits of minimally invasive techniques to
this arena. These benefits include shorter hospital stay,
earlier return to activities, etc. A robotic-assisted ap-
proach in the field of colorectal surgery is very promis-
ing, even though the current experience is very limited.
There are reports on right hemicolectomy, sigmoid
colectomy, rectopexy, anterior resection, and abdomi-
noperineal resection [21-23]. Surgeons agree that the
robot can be very useful in rectal surgery. Fazio et al.,
from the Cleveland Clinic, compared robotic with lap-
aroscopic approaches for colectomy in a small group
of patients; they concluded that robotic colectomy is
feasible and safe, but operative time is increased [24].
In conclusion, robotic assistance, as in others fields of
surgery, may facilitate complex colorectal surgeries,
but more experience is still necessary.

9.8 Adrenalectomy

The first laparoscopic endocrine surgery experiences
published in the literature were the laparoscopic adre-
nalectomies performed by Gagner in 1992 [25]. Cur-
rently, the minimally invasive approach is the recom-
mended standard for the treatment of benign adrenal
lesions. In Italy in 1999, Piazza and colleagues pub-
lished the first robotic-assisted adrenalectomy using
the Zeus Aesop [26]. One year later, in August 2000,
V. B. Kim and colleagues used the da Vinci® Robotic
Surgical System to fully assist an adrenalectomy [2].
Our first robotic-assisted bilateral adrenalectomy was
published in 2001 [6]. Brunaud and others prospec-
tively compared standard laparoscopic adrenalectomy
and robotic-assisted adrenalectomy in a group of 28
patients. They found the robotic approach seemed to
be longer (111 vs. 83 min, p = 0.057), but this tendency
decreased with surgeon experience. The morbidity and
the hospital stay were similar for both groups. In ad-
dition, duration of standard laparoscopic adrenalec-
tomy was positively correlated to patient’s BMI. This
correlation was absent in patients operated on with the
da Vinci® system [27]. Objective benefits of robotic vs.
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laparoscopic approach have not been demonstrated yet,
but even given the limited experience available, the ro-
botic system seems to be very useful for adrenalectomy
in overweight and obese patients.

9.9 Donor Nephrectomy

Living kidney donation represents an important source
for patients with end-stage renal disease (ESRD), and
has emerged as an appealing alternative to cadaveric
donation. Furthermore, within the last decade, lapa-
roscopic donor nephrectomy has replaced the conven-
tional open approach, and has gained surgeon and pa-
tients acceptance.

The first laparoscopic living donor nephrectomy
was attempted to alleviate the shortage of kidneys for
transplantation and to reduce the hospitalization and
recuperation time associated to with open nephrec-
tomy [28]. The outcomes reported for the laparoscopic
technique were similar to the open operation, adding
all the advantages of minimally invasive procedures
[29]. The reduction of postoperative pain, shorter hos-
pital stay, better cosmetic results, and shorter convales-
cence time are increasing the acceptance of the donors
with the subsequent expansion of donor pool [30, 31].

We started performing the robotic hand-assisted
living donor nephrectomy utilizing the da Vinci® Sur-
gical System (Intuitive Surgical, Sunny Valley, Calif.) in
January 2001. Our technique is hand-assisted using the

LAP DISC (Ethicon, Cincinnati, Ohio) (Fig. 9.5). The
utilization of a hand-assisted device like the LAP DISC
allows for faster removal of the kidney to decrease
warm ischemia time [32]. Another advantage of having
the hand inside the abdomen is rapid control in case of
bleeding, and avoidance of excessive manipulation of
the kidney, which is otherwise required in the removal
of the kidney with an extraction bag. The robotic sys-
tem provides the benefits of a minimally invasive ap-
proach without giving up the dexterity, precision and
intuitive movements of open surgery.

A helical CT angiogram with three-dimensional re-
construction of the kidney is performed on all patients
to evaluate abnormalities in the parenchyma, the col-
lecting system, and renal vascular anatomy. The recon-
struction is a useful roadmap to identify the presence
of multiple renal arteries. The room setup is critical in
our current operation (Fig. 9.6). Two assisting surgeons
are required; one surgeon has his or her right hand in-
side the patient, and the second surgeon exchanges the
robotic instruments and assists the operative surgeon
through the 12-mm trocar.

Since the beginning of our experience, we have
implemented the policy of routinely harvesting the left
kidney, regardless of the presence of vascular anoma-
lies, to take advantage of the longer length of the left
renal vein. The presence of multiple renal arteries or
veins has not been a problem for robotic-assisted ap-
proach. We performed a study with 112 patients who
underwent robotic-assisted LLDN, where the patient
population was divided into two groups based on the

Fig. 9.5 Trocar and hand-port
placement for donor nephrec-
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presence of normal renal vascular anatomy (group
A: n = 81, 72.3%) or multiple renal arteries or veins
(group B: n = 31, 27.7%). No significant difference in
mortality, morbidity, conversion rate, operative time,
blood loss, warm ischemia time, or length of hospital
stay was noted between the two groups. The outcome
of kidney transplantation in the recipients was also
similar in the two groups.

Since we started in 2000, we have improved on our
operative technique. We have noticed a statically sig-
nificant decrease in the operative time (p < 0.0001),
suggesting experience and confidence of the surgical
transplant team. The average operative time dropped
from an initial 206 min (range: 120-320 min) in the
first 50 cases to 156 min (range: 85-240 min) in the
last 50 cases (p < 0.0001). The mean warm ischemia
time was 87 s (range: 60-120 s). The average estimated
blood loss was 50 ml (range: 10-1,500 ml). The length
of hospital stay averaged 2 days (range: 1-8 days). One-

year patient and graft survivals were 100 and 98%, re-
spectively. In conclusion, our data demonstrates that
robotic hand-assisted donor nephrectomy is a safe and
effective procedure.

9.10  Conclusion

The introduction of the robotic system in the field of
minimally invasive surgery has produced an authentic
revolution. Robotic surgery remains still in its infancy,
and the limits of its expansion are unpredictable. Nev-
ertheless, the robotic approach has already proved to
be safe and feasible in the most complex procedures in
general surgery. Currently, clear advantages of robotic
technology are proven in surgical procedures where
very precise movements in small areas and a good vi-
sion of the surgical field are required such as esopha-
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geal surgery, bariatric surgery, donor nephrectomies,
rectal surgery, etc. However, in the era of evidence-
based medicine, larger studies conducted in prospec-
tive randomized fashion still need to be performed to
verify the perceived clinical benefits. The velocity of
the expansion of the robotic-assisted surgery is going
to depend on the greater experience of the surgeons
and the introduction of more technological advances.
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Chapter

Evolving Endoluminal
Therapies

Jeffrey L. Ponsky

While the past decade has seen the exciting growth of
minimally invasive surgery through videoscopic tech-
nology, important advances have also been occurring
in the area of endoluminal gastrointestinal therapy. In
the past 30 years, the development of endoluminal gas-
trointestinal techniques has essentially revolutionized
the treatment of colonic polyposis, peptic ulcer bleed-
ing, choledocholithiasis, and the creation of enteral
access for feeding. Other areas in which endoluminal
therapy has had a great impact has been in the pallia-
tion of malignant obstruction of the biliary and gastro-
intestinal tracts by means of endoscopic stenting.

Laparoscopic approaches have established them-
selves as the gold standard for the treatment of gas-
troesophaeal reflux, morbid obesity, cholecystectomy,
and appendectomy. Yet, new clinical and experimental
work in flexible endoluminal and transluminal meth-
odologies suggests that even less invasive procedures
may be on the horizon.

10.1  Endoluminal Surgery
Initial endoscopic approaches to Barrett’s esophagus
have dealt with accurate diagnosis and staging of this
condition. Early attempts at endoscopic ablation of Bar-
rett’s mucosa involved use of pinpoint thermal therapy
and coagulation devices such as lasers, argon plasma
coagulation, and bipolar probes. More recently pho-
todynamic therapy has been utilized to destroy larger
areas of abnormal mucosa. Attempts at endoscopic
mucosal resection of larger areas of Barrett’s mucosa
have been accomplished and, as resection techniques
become more refined, will undoubtedly replace abla-
tion as the therapy of choice. The technique of endo-
scopic mucosal resection has been widely employed
in Japan, and the method is rapidly being adopted
throughout the world. This method has been applied
to to the treatment of premalignant and superficial ma-
lignant lesions.

Endoscopic approaches to the therapy of gastro-
esophageal reflux are numerous and have led the way

10

in recent innovative application of new endoscopic
technology. Endoscopic suturing was first described by
Paul Swain. Devices based on his original design have
been employed to place sutures at or near the esoha-
gogastric junction in order to enhance the integrity of
the lower esophageal sphincter and reduce reflux. The
first device, EndoCinch (Bard) was used in a variety of
clinical studies and offered initial promise of symptom-
atic improvement and reduction of consumed medi-
cation. It used a suction capsule design to grasp a bit
of gastric wall and place a stitch. The mechanism was
slow, inefficient, and a bit difficult to standardize. Un-
fortunately, little change was seen in objective criteria
of reflux such as 24-h pH and esophageal manometry
[1]. Third party payors were hesitant to compensate
physicians and hospitals for these procedures, and use
of the method has declined. Other technologies have
attempted to approximate more closely the Nissen fun-
doplication by gathering tissue at the esophagogastric
junction. The most visible of the latter is the Plicator
device (NDO) [2]. The instrument is somewhat bulky
and passed with an endoscope into the stomach. It is
retroflexed and, under vision of the scope, gathers and
sutures (full thickness) the tissue surrounding the gas-
tric cardia. Although initial results are promising, no
large series or long-term results are yet available for
this procedure. It does, however, offer the durability of
full-thickness gastric sutures with the promise of se-
rosa to serosa healing.

Another developing endoluminal approach to gas-
troesophageal reflux is the injection of biopolymers
into the submucosa or muscle of the esophageal wall,
just above the esophagogastric junction [3]. Again,
while promising and apparently quite easily performed,
there are little available data regarding results. Perhaps
one of the most attractive and well-studied therapies
has been the application of radiofrequency energy into
the esophageal wall by means of small needles mounted
on an esophageal balloon (Stretta procedure). Energy
is applied at numerous sites at six to eight levels around
the esophagogastric junction. Early results suggested
excellent relief of symptoms and high patient satisfac-
tion. However, as in those with other aforementioned
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procedures, there were initially little objective data to
support improvement. However, more recent studies
involving evaluation of 24-h pH and manometry as
well as a sham study seem to demonstrate documented
reduction in reflux [4].

The mechanism by which the radiofrequency en-
ergy may work is thought to be twofold. Scarring in the
distal esophageal wall may act as a barrier to reflux. In
addition, there is some suggestion that vagal afferent
fibers to the esophagus, which may normally produce
transient relaxation of the distal sphincter, may de-
stroyed by the thermal energy.

10.2  Transvisceral Surgery

Reports have emerged in the last few years of forays in-
tothe new realm of transvisceral surgery. Investigators
have endeavored to develop methods of endoscopically
incising the stomach and passing a flexible endoscope
into the peritoneal cavity where a variety of procedures
have been attempted [5]. These have included gastroje-
junostomy, fallopian tube ligation, appendectomy, and
cholecystectomy. The organs removed are withdrawn
through the stomach with the endoscope, and the gas-
tric wall is sutured closed from within. Most of these
procedures have been performed in animal models,
but there are anecdotal reports in humans.

Clearly, the value and limits of such a concept will
need to be defined. However, this new approach to in-
tra-abdominal surgery is a new initiative in minimally
invasive surgery. The incorporation of robotic manipu-
lators to enhance complex maneuvers may also poten-
tiate the value of these procedures.

While endoluminal endoscopic techniques have
been deemed the realm of the gastroenterologist, they
have continued to erode the domain of general sur-
geon with the development of effective and less inva-
sive therapies for common disease processes. Surgeons
will need to become involved in these methodologies
or find themselves irrelevant in the future care of many
common intra-abdominal maladies [6].
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Chapter

Microtechnology
in Surgical Devices

Marc O. Schurr

11.1  Introduction

Microtechnology plays an important role in the devel-
opment of medical and surgical devices. Since the early
1990s [13], there has been growing interest in using
microtechnology for miniaturization of medical de-
vices or for increasing their functionality through the
integration of smart components and sensors.

Microsystems technology (MST), as it is called in
Europe, or microelectromechanical systems (MEMS),
as it is called in the United States, combine electronic
with mechanical components at a very high level of sys-
tems integration. Microsystems are smart devices that
integrate sensors, actuators, and intelligent electronics
for on-board signal processing [27]. In the industrial
area these technologies are used to make various kinds
of sensor elements, such as accelerometers for airbags
in cars, microfluidic components, such as inkjet print
heads, and other elements. In the medical field, MST
is used in a number of products such as pacemakers
or hearing implants [5]. While most MST components
are produced using semiconductor processes [27],
there are a number of alternative technologies enabling
the production of a broad variety of microdevices and
components in virtually all industry sectors. The po-
tential of MST for medical use was recognized more
than a decade ago [13, 14], and has since then led to
the development of numerous practical applications
[21].

Sometimes MST and nanotechnology are terms that
are used synonymously since both concern miniatur-
ized devices. However, both technologies are entirely
different. While MST deals with components in the
submillimeter size, nanotechnology concerns submi-
crometer structures. Nanotechnology mainly refers to
innovating material properties such as nanostructured
surfaces with special biocompatibility features and may
be an important enabler for future biomedical prod-
ucts in the future, also combined with MST devices.

Based on the high density of functional integration
and the small space requirements, MST components
are enhancing surgical devices in different areas, and
can be subdivided into the following applications:
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o Extracorporeal devices such as telemetric health
monitoring systems (e.g., wearable electrocardio-
gram [ECG] monitors)

« Intracorporeal devices such as intelligent surgical
instruments (e.g., tactile laparoscopic instruments)

o Implantable devices such as telemetric implants
(e.g., cardiac pacemakers)

« Endoscopic diagnostic and interventional systems
such as telemetric capsule endoscopes

Recently there has been an increase in medical MST-
related research and development (R&D) activities,
both on the side of research institutes and indus-
try. While routine clinical applications of MST-en-
hanced surgical devices are still limited to a number
of larger volume applications such as pacemakers
[28] (Fig. 11.1), a number of developments are in
later-stage experimental research or in clinical studies.
Medical applications of MST technologies are grow-
ing at double-digit compounded growth rates [17],
which led to a forecasted global market volume of over
$ 1 billion in 2006.

MST in Medical Devices:
Challenges and Opportunities

11.2

The community developing and using MST for medi-
cal devices is a very heterogeneous scene of academic
researchers, specialized MST companies, medical de-
vice corporations, start-ups, and clinicians. In order to
better understand the challenges and opportunities of
MST in medical devices, our institute has a conducted
global survey among executives from research and
industry on the use of medical microsystems technol-
ogy. This survey was done in 2004 within the scope of
the netMED project funded by the European Union
(GIRT-CT-2002-05113). The study was based on a
standardized questionnaire and included 110 persons,
with about 50% of participants coming from the medi-
cal device industry and the remaining participants
from R&D institutes and MST companies.
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Fig. 11.1 Telemetric pacemaker for remote patient monitoring. Source: Biotronik GmbH, Berlin, Germany. a Pacemaker with

telemetry units. b Mobile data transfer unit, like a cellular phone

Asked about the advantages expected in the next 5
years from the applications of MST in medical devices,
the study participants named new product opportuni-
ties for existing market segments and for entering new
market segments along with product miniaturization
potential as their key expectation. The most important
barriers to innovation in medical MST are high initial
investment load, general skepticism of users (doctors,
patients), and unclear reimbursement conditions for
MST-enhanced medical devices or MST-related diag-
nostic or therapeutic procedures. This mainly refers
to telemetric technologies such as remote ECG diag-
nostics and remote cardiac pacemaker or implantable
defibrillator monitoring.

Asked about the preconditions necessary to im-
prove the application of MST in medical devices, sur-
vey participants named the availability of standardized
MST elements, comparable to standardized electronic
elements, customizable integrated systems to facilitate
the use of MST components in medical devices, and
the increase of acceptance of these technologies among
payers in the health care system.

This shows that barriers to innovation in the field
of medical MST are not only on the side of the tech-
nology with its particular challenges, but also on the
market side in terms of unsolved issues in medical

high-tech reimbursement. This applies especially to
the European market place.

As for the types of microsystems components judged
most important for medical products in the future, our
study participants named various types of sensors such
as biosensors, chemical sensors, pressure sensors, and
microfluidic structures. This indicates that experts see
the future of MST in medical devices mainly in the im-
provement of device intelligence through sensors and
in using microactuators for miniaturization interven-
tion instruments (Fig. 11.2).

Of particular importance will be the definition of
standards [15] and common interfaces to facilitate the
use of MST components, especially in markets with
smaller product volumes, such as medicine, if com-
pared with large-scale industrial applications, such as
automotive, environmental of aerospace.

11.3  Areas of MST Applications in Medical

Devices

As mentioned above, the application of MST compo-
nents in medical devices can mainly be grouped into
four different areas. This classification refers to current
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Piezo-ceramic / ultrasonic actuators _ 3.1
Electromechanical actuators [ 2.7
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Fig. 11.2 netMED
global survey on medical
microsystems technol-
ogy: types of micro-
systems components
seen most important

for medical products in
the future. a Sensors.

b Actuators. ¢ Other
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focal applications of MST in the medical field and is
neither systematic nor complete.

11.3.1 Extracorporeal MST-Enhanced Devices

The area of extracorporeal MST-enhanced devices is
probably the most mature and established field of MST
applications. There are numerous examples of MST
components integrated into external diagnostic and
monitoring systems. These include handheld diagnos-
tic devices such as optical bilirubin analyzers based
on a MST spectrometer [29], sensors embedded into
smart textiles or wearable ECG foils [2] (Fig. 11.3).

Often MST applications are combined with wire-
less technologies to enable patient monitoring without
restrictions in mobility. Miniaturized telemetry units
using the Bluetooth standard transmit parameters to
a patient data management systems and electronic
patient records. This allows both the patient and the
attending physician to deal efficiently with monitoring
data.

11.3.2 Intracorporeal MST-Enhanced Devices

Intracorporeal but not implantable medical and surgi-
cal devices use MST components to provide additional
qualities and functions that cannot be realized with

standard technology. A good example of this class of
MST applications is sensor-enhanced surgical instru-
ments. The concept of restoring tactile feedback in
laparoscopic surgery has been around for more than a
decade. Several attempts have been made to integrate
tactile sensors into the jaws of laparoscopic instruments
to allow palpation and mechanical characterization
of tissues during surgery, such as the surgeon would
do with his or her hand in open surgery [22]. In the
past, some attempts to create tactile sensors have failed,
partly related to complex technologies that could not
be efliciently applied in this small market segment.

Since tactile sensing in laparoscopic surgery is still
an attractive proposition from a medical standpoint,
new attempts are being made to realize such instru-
ments on a more cost-friendly technology basis.

One of these is a program carried out by our own
institution to develop a polymer sensor array, which
is elastic, compliant and can be attached to the tip of
a laparoscopic instrument as a disposable. This sensor
(Fig. 11.4) is composed of a conductive and a resistive
layer of polymer separated by a perforated layer.

Through exerting external pressure, the resistive
coupling between the elastic conductive membranes
is changed, indicating the force across the sensor array.
The current forceps prototype (Fig. 11.5) has an array
with 32 sensory elements. The force exerted on each
element is visualized on a display. Experimental evalu-
ation of the tactile forceps has shown that objects of
different size and hardness can be well different shaded
from their neighboring structures.

Fig. 11.3 Telemetric three-channel ECG
system. Source: Fraunhofer Institute Pho-
tonic Microsystems, Dresden, Germany
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Fig. 11.4 A polymer microsensor for tactile laparoscopic in-
struments (schematic drawing)

In animal experiments (Fig. 11.6) objects simulating
lymph nodes at the mesenteric root could be localized
and differentiated using the instrument.

Further research will be required to optimize the
sensitivity and the applicability of tactile sensor arrays
for laparoscopic surgery.

Another example of intracorporeal MST applica-
tions is advanced optical diagnostic systems for micro-
scopic analysis of tissues in situ [7]. The concept of con-
focal laser scanning microscopy is widely known in the
histological examination of tissues samples. Using the
miniaturization potential of MST, laser scanning mi-
croscopes can be scaled down to a level that they can be
used via an endoscope directly inside the human body,
e.g., for in situ analysis of lesions suspicious for cancer
[8]. Figure 11.7 shows a prototype two axes microscan-
ner with two miniature mirrors etched from silicon,
compared with the size of a regular 10-mm laparoscope.
The two electrostatically driven mirrors pivot and scan
the laser beam across the tissue surface at video speed.

The resulting fluorescence can be enhanced by lo-
cal tissue staining techniques. Figure 11.8 compares
histological images obtained by this fluorescence laser
scanning microscopy technique with conventional he-
matoxylin and eosin (HE)-stained histology.

11.3.3 Implantable MST Devices

Telemetric implants are among the most important ap-
plications of MST in medicine. MST components im-
planted into the human body include sensors of vari-
ous types that measure specific health parameters, such
as blood glucose [18] or blood pressure or flow [1, 4,
30]. The signals are then transferred via telemetric coils
to readout device outside of the body. A good example
for existing products in this field is cardiac pacemakers
or defibrillators that are equipped with miniaturized
telemetry units to send cardiac parameters and param-
eters or their electrical interaction with a heart outside
of the body [28] (Fig. 11.1). The data are received by
a readout device similar to a cellular GSM phone and
then sent from there to a remote cardiovascular service
center.

This allows improvement of patient monitoring and
implant maintenance, without the need to see the pa-
tient regularly. These kinds of telemetrically enhanced
cardiovascular implants based on MST are available on
the market for clinical use; in addition to the product,
advanced cardiovascular monitoring services are pro-
vided by the same manufacturer.

Other applications of intracorporeal MST include
the use of telemetric sensors for diagnostic and disease
monitoring purposes. Examples include the measure-

Fig. 11.5 A prototype of a
tactile surgical instrument with
the polymer sensor and force
display system
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Fig. 11.6 Palpating an object simulating a lymph node at the
mesenteric root (animal experiment)

Fig. 11.7 Microscanner for confocal fluorescence microscopy.

Source: Medea Project, supported by the European Union

ment of intravesical pressure in paraplegic persons
to avoid overfilling of the bladder and the urinary
tract [6].

Our own group has been working with the company
Sensocor, Ltd., Karlsruhe, Germany, in the develop-
ment of an implantable telemetric blood pressure mea-
surement sensor for the monitoring of hypertension
(Fig. 11.9). The implant is an integrated device that

LR L.

Fig. 11.8 Histological images obtained by fluorescence laser
scanning microscopy technique (a), with conventional HE-
stained histology (b). This experimental program has been
conducted by a group of several research institutes, supported
by grants from BMBE Germany, and the European Union

comprises several MST components such as a pressure
sensor and miniaturized telemetry coils. The medical
concept behind this device is to monitor blood pres-
sure values and to better adjust antihypertensive medi-
cation in order to reach normal blood pressure values
in a higher number of patients. Today only in a minor-
ity of patients normotensive blood pressure values are
achieved due to a lack in adequate monitoring and pa-
tient management means.

This example underlines the principle that implant-
able sensory MST devices are mainly targeting sec-
ondary disease prevention by slowing down disease
progression or avoiding complications through con-
sequent and consistent monitoring. Thus, MST-based
monitoring systems will may a major impact on the
prevention of disease progression to the benefit of both
the patient and the healthcare system.

Also on the therapeutic side, MST applications are
important sources of innovation. Specific implants have
been equipped with microsensors in order to monitor
the function of the implant. Examples of this kind of
application of MST in surgery include pressure sensors
integrated into endovascular stent grafts in order to
detect residual blood flow through the aneurysm sac
in endovascular treatment of abdominal aortic aneu-
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Fig. 11.9 Concept of an implantable blood pressure measure-
ment. Source: Sensocor, Ltd., Karlsruhe, Germany. The implant
is an integrated device that comprises several MST components
such as pressure sensors and miniaturized telemetry coils

rysm [3]. Another approach is to use microsensors in
implants to detect concomitant disease, such as detec-
tion of glaucoma through pressure sensors integrated
into an intraocular lens graft implanted for the treat-
ment of cataract [26].

Also, the field of replacing lost organ function, and
organ stimulation MST-based implants are of interest.
This includes the restoration of lost or impaired sen-
sory functions of the ear [5] and the eye [12, 20], or of
traumatized nerves [23-25].

11.3.4 MST in Endoscopy

The field of endoscopy is an interesting area for the
application of MST, since high-functional integration
and miniaturization, the two main characteristics of
MST, are an important advantage in this field.

Besides microfiberoptics for the inspection of small-
est tubular organs and body cavities, a big interest is in
using MST for creating new locomotion technologies
in the human body. A very good example is capsule
endoscopy [9] using a miniaturized optical camera
system with telemetric image data transfer integrated
into an ingestible capsule. A number of MST elements
are used to realize the Pill-Cam capsule endoscope of
Given Imaging, Ltd., Yogneam, Israel, such as CMOS
image sensors, LED illumination diodes, imaging elec-
tronics, and telemetric signal transfer components.

Farther down the road are self-locomoting endo-
scopes that, unlike a capsule endoscope, can actively
propel through the digestive organs and be steered
into the desired direction. A good example for this

Fig. 11.10 The E® self-propelling endoscope is a pneumati-
cally controlled inchworm that moves through the colon by a
sequential adhering to the bowel wall and elongating/shorten-

ing the midsection. a Inchworm with imaging head and propel-
ling body. b High flexibility

class of MST applications is the E*> endoscope sys-
tem of Era Endoscopy Srl, Pontedera, Italy, based
on research [16] conducted by the CRIM labora-
tory of Scuola Superiore SantAnna, Pisa (supported
by a grant of IMC/KIST, Seoul, South Korea). The E*
self-propelling endoscope (Fig. 11.10) is a pneumati-
cally controlled inchworm that moves through the co-
lon by sequentially adhering to the bowel wall with its
proximal and its distal end and elongating/shortening
the midsection.

The MST components used for this technology be-
sides the CMOS imaging and LED illumination include
microfluidic and -filter elements to support the pneu-
matic locomotion mechanism. The clinical purpose be-
hind self-propelling microendoscopes lies in the reduc-
tion of the force exerted to the tissue, thus the reduction
of pain during the procedure. The clinical benefit will
be improved patient acceptance of colonoscopy cancer
screening programs in the future.
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11.4 Discussion

Microsystems technology is nowadays playing a major
role for improving products in the health care sector.
In the last years, the development of MST applications
has been boosted by the ability to manufacture MST
elements with high precision, reliability, and at accept-
able costs. A considerable number of products used in
clinical routine today are functionally based on MST
and allied technologies.

These applications include the medical high volume
markets of cardiac rhythm management [28] or im-
plantable hearing aids [5], as well as highly specialized
applications in the field of neural rehabilitation [23].

Rebello [17] has identified a minimum of 25 major
research programs internationally, focusing only on
surgical MST and surgical sensors. This shows there
are major research efforts in progress that will deliver
further leads for device companies to develop advanced
medical products on the basis of MST.

The world market projection for MST and MST
components in medical products was expected to
exceed $1 billion by 2005 or 2006. This considerable
market potential will attract more industrial players to
invest into microtechnology for medical and surgical
products.

The clinical foundation for promoting the use of
MST in medicine is mainly based on the significant
potential of MST to enable products that improve
early disease detection and the monitoring of chronic
illnesses. This refers to a number of the most impor-
tant health problems such as cardiovascular disease,
hypertension, diabetes, and cancer, to name just a few.
The possibility to provide better diagnostic techniques
based on microstructures, such as confocal fluores-
cence microscopy [8] may significantly improve the ef-
ficiency of early cancer detection programs.

Besides the future advantages for the diagnostic
precision and diagnostic quality, MST can also deliver
advantages directly to the patient. In the field of self-
propelled endoscopy [16], MST components play an
important role in reducing the forces that are exerted to
the tissue. The reduction of force will directly address
pain and discomfort during cancer screening colonos-
copy, thus improving the willingness of individuals to
attend a cancer prevention program.

In addition to the significant opportunities that
MST brings for innovating medical devices, there are
also several particular challenges that need to be ad-
dressed. One of the key hurdles for using MST more
widely in medical products is the enormous cost in-
volved into the development and the design of MST
components. In large industrial applications, this cost
is offset against high production volumes. In many
specialized medical applications, however, production
volumes are relatively small compared with industrial
dimensions.

Increasing standardization of MST components
may help to solve this problem. Similar to electron-
ics, where well-defined standardized components are
available at low cost, standardized MST components
such as pressure sensors, telemetry units, or optical
structures not dedicated to a single application but for
multiple purposes will become available. To achieve
this goal, it is important to formulate and respect tech-
nical standards [15].

But there are also a number of nontechnical prob-
lems for MST that need to be overcome. Among the
most important barriers to innovation seen by special-
ists from the field are unclear reimbursement condi-
tions [10]. This shows that the further progress MST in
medicine not only depends on successful R&D and the
establishment of technical standards, but also on the
availability of innovative reimbursement schemes that
act as incentives for the use of advanced technology,
particularly in the areas of disease prevention and early
detection. Especially in these fields can innovation pro-
vide a significant leverage on reducing healthcare costs
in the mid and long term. This needs to be reflected
in reimbursement for medical care enabled by MST or
other advanced technologies.
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Innovative Instruments
in Endoscopic Surgery
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12.1  Introduction
Endoscopic surgery has conditions that are different
from open surgery, insofar as the need for specific in-
strument design exists. Instruments for endoscopic sur-
gery are introduced through round trocars with round
seals, which means that they are basically always con-
structed in form of tube-like structures, allowing gas-
tight sealing when the instruments are introduced [1].
Further specific conditions exist because of the lim-
ited degrees of freedom [2] when an instrument is in-
troduced through a normal trocar sleeve. This means,
for example, that needles for sutures cannot be guided
in the optimal way. The conditions for the placement
of endoscopic instruments often result in a nonergo-
nomic working position so that the surgeon does not
have optimal conditions for the work. Compared with
open surgery, the possibility of using ligatures to tran-
sect vessel guiding structures is limited, as is the possi-
bility of achieving hemostasis when bleeding occurs.
An increasingly important part of endoscopic sur-
gery is endoluminal surgery. In addition to the points
abovementioned in endoluminal surgery, for example
in the rectum cavity, we are forced to work in a small
working space, and the ability to introduce different
instruments at the same time is limited because of the
small space and the limited access [3].

12.2 Innovative Instruments

for Laparoscopic Surgery

12.2.1 Curved Instruments

The possibility of reaching optimal working conditions
is restricted by the use of straight instruments. We
started in 1980 to develop instruments for endorec-
tal surgery, and we noticed that curves and bayonet-
formed angulations brought significant advantages in
the maneuverability of the instruments (see below).
The use of optimal curves in instrument design allows,
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for example, an optimal placement of a needle and
modification of the direction of the needle [4].

A needle holder and suture grasper design has been
developed by the Wolf Company [5], which gives an
ideal advantage in directing the position of the needle
in the needle holder. Figure 12.1 shows the suture of
the fundic wrap. The round needle holder allows opti-
mal positioning of the needle, and the golden tip of the
suture grasper always gives the best view to the tip of
the needle and provides the best possible conditions to
manipulate the needle (Fig. 12.2).

Instruments with larger curves have to be intro-
duced through a flexible trocar. Figure 12.3 shows the
curved window grasper and the flexible trocar. Fig-
ure 12.4 shows the introduction of the curved window
grasper through the flexible trocar. The intra-abdomi-
nal situation of the curved instrument is demonstrated
in Figure 12.5: The curved instrument has a number of
advantages during surgical manipulation. The most im-
portant advantage is better ergonomic position, which

Fig. 12.1 Suture of the fundic wrap. The needle holder on the
right side is driving the needle; the suture grasper with the gold-
en tip is holding the tip of the needle. The curve of the suture
grasper gives optimal view of the needle and a good hold in all
different positions
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Fig. 12.2 Needle holder (upper half of the image) and suture  Fig.12.5 Curved window grasper introduced through the flex-
grasper (lower half of the image). The needle holder givesa firm  ible trocar and simulation of the abdominal wall

hold on the needle in different positions. The tip of the needle
holder has an atraumatic area for grasping the suture. The su-
ture grasper has a uniform profile, so that the needle can be
held strongly enough, and the suture material is not destroyed
by the surface

Fig. 12.6 Ergonomical working position for the surgeon by the
use of a curved instrument. Both working instruments of the
surgeon are on the right side of optic, so that there is no conflict
Fig. 12.3 Curved window grasper (upper half) and a flexible  with the camera assistant

trocar

Fig. 12.4 Introduction of the instrument through the flexible  Fig. 12.7 Demonstration of retraction by the use of the back of
trocar the curved instrument. The curve is less traumatic when com-
pared with the tip of a straight instrument
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Fig. 12.8 Demonstration of the angle between the curved and

the straight instrument. Although the two instruments are close
together and in parallel position, there is an optimal working
angle between them

is demonstrated in Figure 12.6: The curved instrument
allows an assistant guiding the camera at the side of the
surgeon. The instruments of the surgeon are in a paral-
lel position because of the advantage of the angulation
of the instrument tip.

Better retraction is possible by the use of the curve
of the instrument shown in Figure 12.7. The angle be-
tween the two working instruments due to the angu-
lation is demonstrated in Figure 12.8. Only this con-
dition affords the surgeon a convenient ergonomic
parallel working position of the hands and an optimal
working angle between the instruments themselves.

An additional advantage of the curves is the possi-
bility to encircle structures, for example the esophagus
in fundoplication [6]. In case of mechanical conflict
between instruments, only the rotation of the curved
instrument has to be changed to allow again free han-
dling of the endoscopic instrumentation.

12.2.2 Instruments with All Degrees
of Freedom for Suturing:
the Radius Surgical System

Following early experience with conventional endo-
scopic suturing systems, we began with the research
center in Karlsruhe, Germany, in the development of
instruments with all degrees of freedom [7]. In the early
1990s, we could already perform experimental tests
with the use of angulating instruments that could turn
at the tip. In the following years, we developed the first
robotic systems for endoscopic surgery, and performed
the first animal experiments and distant operations [8].

The application of robotic systems in endoscopic
surgery demonstrates that this technology is highly
complex and expensive, and that only few hospitals
succeeded to integrate the robotic systems into rou-
tine surgery on an economical acceptable basis [7]. We
therefore decided to start our own company, Tiibingen
Scientific [9], with a program to develop a suturing sys-
tem with intuitive and ergonomic handling that allows
deflection and rotation of the tip of the instruments
so that comparable free placement of the direction of
suture is given as in the use of robotic systems. Fig-
ure 12.9 demonstrates the place of the radius surgical

Fig. 12.9 The radius surgical sys-
tem between conventional instru-
ments and robotics. This system
allows deflection of the tip and
rotation of the tip in a deflected
position. A specific new handle
design is necessary to enhanced
the degrees of freedom

W e - unid Krsislaulraniiuni [Jiesen
Dresclen, Germany
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Fig. 12.10 Suture of a mesh to the inguinal ligament using the

degrees of freedom afforded by the radius system

system between conventional instruments and robotic
systems. This can also be defined as a mechanical ma-
nipulator. When the handle of the system is brought
forward, the tip is straight; when the handle is flexed
to 45°, the tip of the instrument is flexed to a 70° posi-
tion. Rotation of the tip is accomplished by rotating the
knob at the tip of the handle. Complete rotation of the
instrument tip is in this way possible. The whole sys-
tem can be completely dismantled and cleaned without
problem. One of the most important applications of
the suturing system in our hands is in the moment the
suturing of meshes to the abdominal wall to the ingui-
nal ligament in case of an inguinal hernia.

In this way, we have for the first time enabled the
ability to perform a precise suture inside the abdomen
for optimal mesh fixation. Experiments [10, 11] have
demonstrated that the preciseness of the stitches is
much higher and the strength of the stitches is stronger
compared with sutures using conventional needle driv-
ers. Figure 12.10 demonstrates the suturing of a mesh
with the use of radius.

12.2.3 The Endofreeze System

This system is designed to perform solo surgery. It is a
very simple construction, which allows one to hold the
camera or to hold retracting instruments. The position
of camera or instruments can be changed against a cer-

Fig. 12.11 The ball trocar of the endofreeze system. The ball
represents the invariant point for turning the instrument. One

screw at the trocar shaft and one at the metal ring allow adjust-
ment for the friction of movement

tain friction with only one hand, and it stays automati-
cally in the new position.

Figure 12.11 shows the ball trocar. The system itself
was developed by Tiibingen Scientific, and production
and marketing is performed by Aesculap [12]. The ball
trocar has always to be inserted until the ball touches
the abdominal wall to achieve a good position of the
invariant point. The screw at the shaft of the trocar and
the screw at the metal ring holding the ball allow an
adjustment of the friction so that a movement to a new
position is possible with the use of only one hand, and
that the new position is kept stabile by the optimal de-
fined friction.

Figure 12.12 shows the routine application of solo
surgery in cholecystectomy. The camera and the re-
tracting forceps are held by two ball trocars, linked
to the operative table by a Leila retractor (Aesculap).
With the right hand, the surgeon is guiding a combina-
tion instrument, with the left hand, the curved grasper
that again, allows an optimal ergonomic working posi-
tion and a good angle inside the abdomen between the
tips of the instruments. Setup and positioning time by
the use of Endofreeze both with the use of a Leila or
Unitrac retractor comes close to the time needed in a
conventional control group. They are clearly faster than
any other advanced electronic camera-guiding systems
[13]. Endofreeze in a way similar to the radius system
fulfilled the task—to have simple tools available that
are not too expensive, so that they can easily be used
in routine surgery.
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Fig. 12.12 Solo surgery of a cholecystectomy with the use of

two endofreeze systems. On the right side of the patient a 5-
mm instrument for retraction of the gallbladder. At the umbi-
licus is a 10-mm ball trocar for holding the camera. Ergonomic
working position of the surgeon due to the use of a curved win-
dow grasper

12.2.4 Combination Instruments
for Endoscopic Surgery

With a routine laparoscopic cholecystectomy, we prefer
the combination of blunt and sharp dissection when
the gallbladder is dissected. To avoid the need for in-
strument changes, we have designed a combination
instrument that allows the integration of a hook for
dissection [1]. When the hook is pulled backward into
the shaft, blunt dissection is possible; when the hook is
moved forward, a sharp dissection with high frequency
can be performed easily.

separate suction

rinsing canal

suction

HF

cutting -~

Figure 12.13 demonstrates the function of rinsing
and suction using the laparoscopic combination in-
strument.

12.3 Endoluminal Surgery

of Rectum and Colon

The first endoscopic procedure for the rectal cavity was
designed in 1980 [14] and has been in clinical applica-
tion for more than 22 years. Figure 12.14 demonstrates
the principle of the procedure [15]: Stereoscopic optic
gives optimal view, gas dilatation allows good exposi-
tion of the rectal cavity, and the curved instruments al-
low a better access in typical positions of the tumor, so
that optimal surgical performance is given.

This image with the three instruments also demon-
strates the problem of integrating three instruments.
When the active instruments of the surgeon are moved,
they often collide with a third instrument, which nor-
mally is the suction device. Another disadvantage of
this technique is that to prevent a collision, the suc-
tion device is often pulled backward and is therefore
out of view. In this position, the suction device cannot
remove the smoke from the cavity, so that the quality
of view is diminished.

Together with ERBE (Tiibingen, Germany), we have
designed a highly complex combination instrument.
This instrument by ERBE [16] has a specific design
(Fig. 12.15): The curves at the tip allow optimal access
to the area of the rectal wall and perirectal space. The
curve close to the handle is necessary to prevent con-
flicts with optic and other instrument handles.

The instrument does include four different main
functions: a needle for cutting; in the upper tube (dem-

Fig. 12.13 A graphical demonstration
of the Wolf combination instruments.
Rinsing, suction, and coagulation by the
tip are possible by the outer sheath of the
combination instrument. The integrated
hook allows sharp dissection. The tip can
be pulled backward into the shaft of the
combination instrument for unrestricted
rinsing, suction, and coagulation



104

IV Surgical Instrument in Novations

Fig. 12.14 The instrumentation for transanal endoscopic microsurgery (TEM) introduced into the rectal cavity; stereoscopic optic
view above gives optimal view. Three curved instruments used in this application

Cutting Electrode
BN Quasi-Neutral Electrode
B Insulation
I Rinsing
[ Suction

Fig. 12.15 TEM-Erbe combination instrument. Through the upper tube the cutting needle can be pushed forward

and backward. The tip of the upper tube allows coagulation, the lower tube suction

onstrated in blue) the channel for rinsing; at the tip of
the upper tube a metal ring for coagulation; and in the
lower tube a suction channel for the removal of fluids
and smoke.

When cutting is performed, the needle has to be
pushed forward; for coagulation, it must be pulled
backward into the lumen. This task is completed by an
electronic controlled pneumatic drive. When the yellow
foot pedal is pressed, the pneumatic pushes the needle

forward. When coagulation is activated or when for a
short period no activation of the cutting electrode is
performed, the needle is automatically pulled backward.

As in many situations, the combination does not only
add different functions, but also giveesclear additional
advantages. The fact that no change of instrument is
necessary allows in the case of a bleeder no time loss,
and suction is quickly possible, as is coagulation [17].
At the same time, the smoke generated by cutting or co-
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agulation is automatically removed at the tip of the in-
strument, so the view during dissection is much better.

The combination instrument allows that during all
the TEM procedure it is never necessary to use more
than two instruments, which gives much more free-
dom in movement and as mentioned above, clear ad-
ditional advantages. These advantages are specifically
important in endoluminal surgery, where the lumen of
the organ is restricting significantly the possibility to
introduce additional instruments.

12.4  Full-Thickness Resection Device,
the Concept of a New Device
for Removal of Polyps from the Rectum

and Descending Colon

More than 20 years ago, we worked on the design of
a semicircular stapler, to be introduced into the TEM
instrument [18]. The idea of this concept was to make
full-thickness resections as simple as possible and to
reduce possible complications by opening the perirec-
tal spaces.

Years later, we were approached by Boston Scientific
[19] with the aim to jointly develop a stapling device
that allows full-thickness resection. After a long devel-
opment period, we had the chance for experimental
evaluation of a short and a long version of the new full-
thickness resection device (FTRD). This device (Fig.
12.16) consists of a handle, which allows the insertion
of two graspers, and a thin-lumen flexible endoscope.
Attached is a flexible shaft with two different lengths,
which allow either to reach the rectosigmoid junction
or the splenic flexure. Into the head is integrated a re-
section chamber that includes a semicircular stapler for
resection of full-thickness parts of the bowel.

Under the endoscopic view of the flexible endo-
scope, the healthy wall beside the tumor is grasped
with special retraction forceps, which builds a fold
of the bowel wall (Fig. 12.17). Using two graspers si-
multaneously, the tumor with the tumor-bearing wall
is pulled inside the resection chamber. After localiza-
tion of clear safety margins, the stapling function is ac-
tivated, and with a knife, the semicircular resection is
completed. The advantage of the FTRD device is that
the bowel wall is already fused, and the vessels are oc-
cluded by the stapling mechanism before the wall is cut.

Fig. 12.16 The full-thickness resection device (FTRD). This
instrument allows full -hickness stapling resection under en-
doscopic control

Fig. 12.17 Bowel wall in the resection chamber
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This allows possible resection without any blood loss or
risk of perirectal or pericolic infection. We have per-
formed a series of animal experiments that allowed us
to resect a bowel area of up to 6 cm in diameter, which
means that tumors up to around 3 cm could be safely
dissected with this device [20].

The development was stopped by Boston Scientific
for different reasons. Our discussion dealt with the
continuation of the program with the aim to make the
stapling head thinner in diameter and more flexible,
which would mean that the risk of moving upward into
the descending colon would be reduced.

12.5 Conclusion

Endoscopic surgery has some systematic disadvantages,
which have resulted in a relatively high complication
rate in the starting phase of the application. Instru-
ments that are more sophisticated and complex have
been designed to compensate for the principle disad-
vantages of endoscopic surgery. The result of these new
instruments is that endoscopic surgery can be per-
formed much more precisely and much safer today.

It is, for example, clear today that the blood loss in
endoscopic surgery is significantly less compared with
open surgery because new hemostatic devices have
been designed that permit dissection with minimum
blood loss. Some years ago, companies started to de-
sign new devices for hemostatic dissection, based on
the experience of endoscopic and open surgery.

The integration of more and more advanced tech-
nologies into combination instruments such as the
FTRD device will in the future also allow the perform-
ing of procedures on an outpatient basis instead of
highly complex laparoscopic colonic resections, which
still have clear risks in the area of wound-healing prob-
lems at the anastomosis.
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13.1  Introduction

Quick and safe division of vessels is mandatory for ad-
vanced endoscopic surgery. Ultrasonically activated
devices (USADs) [1-3] or bipolar vessel sealers (BVSs)
[4-6] have been proven useful devices for hemostatic
dissection in advanced endoscopic operations. But
there are still some drawbacks associated with these
dissecting devices. To overcome these drawbacks, we
have been developing a new surgical device that does
not utilize ultrasonic vibration or high frequency.
What facilitates vessel sealing in our new device is the
heat produced in a metal membrane. In this chapter, a
prototype of the new device we have been working on
for endoscopic operations is introduced, and its ability
and performance in hemostatic dissection assessed in
animal experiments is demonstrated.

13.2  Materials and Methods

The system developed for the laboratory use includes
the recent prototype of dissecting forceps designed for
endoscopic operation, a power controller, a connecting
cable, and a foot switch (Fig. 13.1)

The prototype forceps used for the current test are
designed like the Maryland dissecting forceps com-
monly used in endoscopic operations (Fig. 13.2a). Its
shaft is 5 mm in maximum diameter, to be inserted
through a 5-mm port. However, a 10-mm port had to
be used instead of a 5-mm one in the current experi-
ment because the lead wires for the electricity have not
been installed inside the shaft. The forceps are com-
posed of a pair of grippers at the tip, a shaft, and a pair
of ring handles to open and close the grippers. The
grippers, made of stainless steel, are curved to facilitate

Fig. 13.1 The prototype hemo-
static system used for the current
experiments includes dissecting
forceps for endoscopic opera-
tions, a power controller, a con-
necting cable, and a foot switch
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tissue dissection, mimicking those of the Maryland dis-
secting forceps. One of the grippers is equipped with a
metal blade with a relatively dull edge (Fig. 13.2b). A
small heating resistor element is built into the blade.
This element, a thin metal membrane, is made of mo-
lybdenum. Lead wires connect the heating element to
the connecting cable. When electric energy is given to
the molybdenum membrane, it produces heat, heating
the blade. It is the most unique point of our new de-
vice, that the blade produces heat, no matter whether
the blade contacts the tissue or not. In contrast, other
commonly used devices, such as monopolar high-fre-
quency devices, bipolar vessel sealers, or ultrasonically
activated devices, need to contact tissue to generate
Joule heat or frictional heat. The surface of the blade is
coated with fluoroplastic to prevent char sticking. The
opposed gripper is equipped with a tissue pad made of
elastic silicone to receive the blade (Fig. 13.2c). When
a vessel is clamped between the blade and the tissue
pad and the blade is heated, the vessel is closed, welded,
and sealed. Then the elasticity of the silicone pad al-
lows the blade to cut into the vessel, and finally, the ves-
sel is divided.

The power controller regulates the electric power to
let the heating element emit the desired heat. The time-
versus-temperature curve, we presume ideal for hemo-
static tissue dissection, is like the one obtained by ultra-
sonically activated device. So we set the program of the
power controller in order to obtain such time-versus-
temperature curve in the tissue, which gradually goes
up and exceeds the water boiling point in about several
seconds, reaching around 200°C in about 10 s. To ob-
tain such time versus-temperature-curve, the temper-
ature difference between the heating element and the
contacting tissue has to be considered. Considering this
temperature gradient, we set the maximum tempera-
ture of the heating membrane higher than 300°C.

Fig.13.2 a Closeup of the prototype forceps. The grippers are
ideally curved as in the conventional dissecting forceps. b In
one of the grippers a heating blade is attached. In the blade a

A female pig weighing 61 kg was given general an-
esthesia and used for the current experiments. The first
experiment was performed to assess the device’s perfor-
mance for tissue dissection in the laparoscopic opera-
tion. For this task several portions of the mesenterium,
omentum, and the root of the inferior mesenteric ves-
sels were dissected, sealed, and divided. The next ex-
periment was for assessing the ability and security in
sealing the small- to medium-sized vessels. This task
was performed under laparotomy, and the gastroepi-
ploic arteries measuring 3 to 4 mm in outer diameter
were sealed and divided by the new dissecting forceps.
Output voltage, current, and time required to seal
and cut each artery were measured and recorded. The
maximum temperature that the heating element was
supposed to reach was theoretically calculated in each
session. For the sealing security experiment we har-
vested each artery segment cut by the heating forceps.
The harvested arteries were immediately submitted to
the following process. A cannula was inserted into the
artery segment through the end opposite the occluded
stump. The cannulation site was closed tightly with

heating element, made of molybdenum, is built in. ¢ Closeup of
the prototype forceps. In the opposed gripper an elastic tissue

pad (black part) is equipped to receive the blade
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clamping forceps. The cannula was connected both to
a syringe and a digital manometer. The artery segment,
digital manometer, syringe, and the connection tubes
were filled with normal saline and sealed oft to become
a closed system. By slowly pushing the piston of the sy-
ringe, the artery’s intraluminal pressure was increased
until the occluded vessel burst. The time versus-pres-
sure-curve was demonstrated on the computer monitor
and recorded. The peak of the time—pressure curve was
defined as the burst pressure of the artery segment.

In addition, we examined the artery stump by mi-
croscope. The artery was fixed in paraffin and stained
with hematoxylin and eosin.

13.3  Results

Dissection and hemostatic division of the mesente-
rium and omentum in the laparoscopic setting was ex-
cellently performed by the new dissecting forceps. The

Fig. 13.3 a The root of the porcine inferior mesenteric artery

(IMA), measuring approximately 7 mm in outer diameter. The
curved forceps facilitated fine dissection. b The porcine IMA
was clamped by the forceps, and ideal heat for sealing was be-

curved grippers seemed significantly advantageous in
dissecting around the target tissue. Although a small
amount of smoke was detected when the device was
activated and the target was treated, it did not obscure
the endoscopic view as much as the mist produced by
the USAD. We touched the living tissue such as the
intestinal wall or liver with the tip of the device while
it was activated. Because no cavitation phenomenon is
associated with our device, we did not see such injury
in the tissue, which the device tip contacted, as seen in
the tissue destroyed by the USAD’s cavitation. The only
change we saw in the surface of the touched tissue was
that the point was discolored whitish.

The root of the inferior mesenteric artery, measur-
ing approximately 7 mm in diameter, was sealed and
cut by the new device. It was well demonstrated that
this large-sized artery could be securely sealed and di-
vided in one session (Fig. 13.3a-d).

In the latter experiment, 12 portions of the medium-
sized arteries (gastroepiploic arteries), measuring 3 to
4 mm in diameter, were sealed and cut by the proto-

ing given to the IMA. ¢ The IMA could be sealed and divided.
d Closeup of the cut edge of the porcine IMA. The stump was
sufficiently sealed, tolerating the arterial pressure
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Fig. 13.4 Distribution of burst pressures in 12 artery segments and time required to seal and cut each artery

type forceps. All portions were sufficiently sealed and
cut without hemorrhage.

Time required sealing and cutting the artery ranged
from 8.2 to 12 s, with an average of 8.9 s (Fig. 13.4).

In the manometry experiments two stumps were
not burst by the maximum pressure of the manometer
system (1,839 mmHg). The other 10 stumps showed

burst pressures ranging from 897 to 1,618 mmHg (Fig.

13.4).

*’\%M

Fig. 13.5 Microscopic picture of the porcine artery sealed and
divided by the prototype forceps (high-power view, hematoxy-
lin and eosin staining). The artery was well welded, closed, and
cut without carbonization, vacuolization, or severe desiccation

Microscopic examination revealed that the artery
stump was sufficiently denatured, welded, and closed
(Fig. 13.5). The tissue denature was not associated with
such extreme changes such as carbonization, vacuol-
ization, or severe desiccation, often characteristically
observed in monopolar high-frequency technique.

13.4 Discussion

Endoscopic surgeons are becoming aware that such
new hemostatic dissecting devices as USADs or BVSs
are the key devices for advanced endoscopic operations,
which require coagulation and division of many vessels
[1-6]. When all vessels have to be ligated and divided
by knot tying or clipping, the procedure becomes sig-
nificantly time-consuming and requires much exper-
tise.

Although these new hemostatic dissecting devices
have been widely welcomed by surgeons, there are
some drawbacks. As far as USADs are concerned, the
risk of the cavitation phenomenon occurring at the tip
of the vibrating blade, must be cautioned [7]. This ul-
trasonic vibration-specific phenomenon has as tissue
destructive effect and may result in adjacent organ in-
jury. Besides, ultrasonic vibration generates mist. The
ultrasonic vibration breaks the links among water mol-
ecules in the tissue and eventually causes the mist. The
mist obscures the operation field during endoscopic
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surgery. Moreover, the mist has potential hazard to
transmit infectious material to the atmosphere [8] and
to possibly disseminate viable cells [9].

In BVSs designed for endoscopic operations, two
actions are needed to achieve coagulation and cutting.
After coagulating the vessel one has to slide the cutter
to cut the target. Moreover when the cutting function
is integrated, the gripper must be straight because a
cutter has to slide straight along the gripper. And when
the gripper is curved for facilitating tissue dissection,
cutting function has to be abandoned. The similar
drawback is also pointed out in USADs. The active
blade of a USAD must be straight or almost straight to
transmit the ultrasonic vibration effectively. Freedom
for the shape of the end effecter in these devices is lim-
ited.

Reflecting on all those drawbacks associated with
the conventional hemostatic dissecting forceps, our
main aims in the current development of a new hemo-
static dissecting forceps are set: (1) not to have cavi-
tation phenomenon, (2) not to produce mist, and (3)
to have freedom in shape. In order to achieve all these
goals, we decided not to use ultrasonic vibration or
high-frequency electrocautery as its energy source.

The reason why we started to test the metal mem-
brane heating element as an alternative energy is that
we thought it would be possible to control the heat by
giving the controlled power to this element and to ob-
tain the similar time-versus-temperature curve as in
the USAD technique. We have reported that the heat
produced by a USAD is considerably milder, and it
increases the temperature more gradually than does
the heat produced by conventional monopolar elec-
trocautery [10]. It was reported that the heat produced
by a BVS is also significantly milder than is the con-
ventional monopolar high-frequency technique [11].
As extremely rapid increase in temperature results in
boiling the water in the cells, their subsequent explo-
sion and eventually desiccation of tissue, it is not ideal
for tissue welding [12]. On the other hand, when the
temperatures lower than the boiling point are reached,
protein and intracellular water denature into glue-like
material.

Our development group has already investigated
in previous experiments and reported that the metal
membrane heating element made of molybdenum can
emit adequate temperatures to seal vessels sufficiently
[13]. The basic concept and principle for the current
study have not been changed from the previous ones.
We brought the same technology into the shape com-
patible for endoscopic surgery, making necessary parts
thinner. As a heating element, molybdenum mem-
brane is again used. The main change in the power
controller was to set the program for emitting con-
stant voltage, while in the previous experiments it was
driven to obtain the constant temperature. This change

was introduced mainly because we found that in the
constant temperature setting, the energy given to the
tissue is decreased in the latter half of the activating pe-
riod, when more energy should be needed for cutting
the target. Interestingly in the constant voltage setting,
we found the time-versus-temperature curve is more
similar to those in USAD technique, and energy given
to the tissue for the latter half of the activating period
is higher.

When compared with previous reports on the abil-
ity of a USAD to seal the vessel, the ability of our new
device seems equivalent or even higher [14-16]. The
minimal burst pressure recorded in our experiment
was 897 mmHg, which is much higher than the normal
blood pressure of a living animal. In addition, the time
required to seal and cut the vessels by our new device
was as short as by the USAD technique. Interestingly,
the microscopic findings in the artery stump obtained
in the current experiments were remarkably similar
to those obtained by a USAD in our previous experi-
ments [14].

Advantages of our new device, compared with
USADs, were clearly seen in the current experiments.
It does produce a little amount of smoke, although it
does not significantly disturb the operation, whereas
the mist produced by USAD disturbs the procedure
frequently. The fact that the cavitation phenomenon
is never seen in our new device should make the dis-
section procedure significantly safer than the USAD
procedure.

Like BVSs, the shape of the end effecter in our de-
vice can be made as curved as surgeons wish for their
utility. And in our device this utility with the curved
shape does not have to be compromised by the cut-
ting function. Another advantage of our device is that
both functions, sealing and cutting, are achieved in
one action, while this utility is not integrated in BVSs.
When also compared with the high-frequency tech-
niques, there are advantages seen in our device. From
the viewpoint of “electrical security”, our device, which
emits no electric current, should be safer than the cur-
rent electrocautery, in which high-frequency electric
current is transmitted in the human body, although
it occurs only between the two electrodes in the bipo-
lar technique. During tissue dissection near the nerve
system, for example, our device is considered to be ad-
vantageous. Another unique advantage of our device
is that the surface of the blade can be coated with fluo-
roplastic to prevent char sticking. The end effecter of
the other electric devices cannot be coated because the
electric current has to be discharged through the sur-
face of the end effecter.

We are bringing this development to the next stage
in order to assess the stability, durability, and feasibil-
ity as a commercial good. And the development is also
focused on establishing the same system for open sur-
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gery. The endoscopic version as well as the open ver-
sion is expected to pass further subjects or tests, and to
be put into clinical trial in near future.
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Chapter

Radiofrequency
and Hepatic Tumors

Piero Rossi and Adriano De Majo

14.1  Introduction

Follow-up and monitoring program and progress in
imaging have made notable contributions to early and
accurate diagnosis of primitive and metastatic neo-
plastic nodules of the liver. Today, the indications for
surgical resection of patients suffering from hepatocar-
cinoma and metastases (colorectal and non-colorectal)
are well codified.

The refinement of image-based diagnostic methods
and thin-needle biopsy techniques have permitted the
development of guided therapeutic systems, in which
the therapeutic agent is introduced directly into the le-
sion (interstitial therapies), with the aim of destroying
the neoplastic tissue, leaving the healthy surrounding
parenchyma. Cellular death can be caused by cytotoxic
damage (ethanol, acetic acid) or by heat damage (laser,
cryotherapy, microwaves, radiofrequency). Percutane-
ous ethanol injection has acquired proven eflicacy in
the treatment of HCC [1].

Thermoablation by means of radiofrequencies
(RFA), described initially for the treatment of small in-
tracranial lesions, osteoid osteomas, rhizotomies, and
cordotomies, was successively experimented on animal
and then human liver in the treatment of small HCC
[2]. It consists of the destruction of the neoplastic tissue
by means of the action of heat generated by an active
needle electrode introduced into the neoplastic tissue
itself, high-frequency alternating current flowing from
an electrode into the surrounding tissue. Frictional
heating is caused when the ions in the tissue attempt to
follow the changing directions of the alternating cur-
rent. In the mononopolar mode, current flows from
the electrode to a round pad applied externally to the
skin. In the bipolar mode, current passes between two
electrodes inserted at opposite poles of the tumor.

The needle electrode can be positioned percutane-
ously (under ultrasound or TC guidance), by lapa-
roscopy or open laparotomy. It is connected to an
appropriate generator and is insulated, except for
the terminal part (active). The active electrode has a
thermocouple on the point to constantly monitor the
temperature. The energy emitted inside the tissue is
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converted into heat that causes cell death by means of
coagulative necrosis. At 43°C in 30-60 s apoptosis al-
ready is seen. Cellular death occurs in a few minutes
at 50°C; in a few seconds at 55°C, and almost instanta-
neously at temperatures above 60°C.

The destruction of a limited volume of tissue is
thus realizable in a controlled and reproducible man-
ner. Heating of the tissue decreases in proportion to
the fourth power of the distance from the electrodes.
Charring causes sudden rise in impedance adjacent to
the electrode.

Many strategies exist for increasing the size of abla-
tion volume (enlarge the zone of ablation):

e Cooling the electrode to avoid charring and increase
of impedance

e Cluster cooled electrode

e Expandable jack hook needles

There are various types of electrodes commercially
available: cooled tip, single and triple (cluster) and ex-
pandable needles [3-5].

The diameter of the volume of necrosis must be
greater than that of the neoplastic nodule by at least
5-10 mm. Imaging techniques are important to localize
the tumor and to monitor the ablation process. Typically,
the electrode is placed under ultrasound or CT.

During ablation, ultrasound monitoring shows a
round hyperechoic area.

This phenomenon depends, according to some writ-
ers, on the vaporization of the interstitial liquid and to
others on the out-gassing of dissolved nitrogen in the
tissue that is roughly proportionate to the volume of
necrosis (Fig. 14.1).

To verify destruction of the tumor after RFA we
recommend high-resolution, good-quality contrast en-
hanced CT or MR to evaluate completeness and recur-
rence rates [6] (Fig. 14.2).

Published studies are principally directed at criteria
of feasibility, efficacy, safety, and survival (even if the
follow-ups are still short) [6-8].

RFA is currently directed at those patients for whom
resection is not suitable. As part of a mandatory mul-
tidisciplinary approach, RFA must be seen within the
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Fig. 14.1 RFA of HCC. US monitoring: hyperechoic area that gradually covers the entire nodule (a-d). Bubbles eventually run in
hepatic vein (e)

Fig. 14.2 CT pre and posttreatment in 55-year-old patient subjected to anterior rectal resection and RFA of two synchronous liver
metastases (a, b). Complete necrosis occurred (c, d)
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therapeutic algorithm of primitive and metastatic tu-
mors of the liver.

The advantages of RFA are the saving of healthy liver,
the mini-invasiveness of the method itself, the repeat-
ability, the limited costs, the feasibility also in patients
for whom resection is not suitable with reduced mor-
bidity, and almost nil mortality.

The laparoscopic approach has been proposed as an
alternative to the percutaneous approach in selected
patients; it permits better staging (24% lesions not di-
agnosed by TC) and a safer approach for lesions that
are not safely treatable percutaneously (subcapsular,
near the hollow viscera etc.) [9].

Analogously, the laparotomic approach permits
better staging; access to segments I, VII, and VIII; the
protection of surrounding viscera; vascular control
maneuvers (Pringle); and, further, association with the
resective surgery itself.

Orthotopic liver transplant (OLT) permits treat-
ment of both hepatocarcinoma and cirrhosis. It is indi-
cated in patients with early HCC (single nodule <5 cm,
or <3 nodules <3 cm). However, because of the limited
number of organs, average waiting time is over 1 year.
Surgical resection therefore remains the fundamental
therapeutic option.

Transarterial chemoembolization (TACE) is used
for patients with hypervascularized multiple nodules.
Alcoholization (percutaneous ethanol injection [PEI])
is indicated in nodules of small dimensions.

RFA initially used as an alternative to PEI [1, 10, 11]
has rapidly gained ground and is currently included in
the HCC therapeutic algorithm both as curative ther-
apy (European Consensus Conference, Barcelona) and
as a bridge to OLT [12-14].

Histological investigations on removed livers have
validated RFA as an efficacious treatment in small
HCCs (<3 cm) [15]. Further, interstitial therapies such
as PEI or RFA can be integrated with TACE.

Hepatic metastases can be divided into colorectal
and non-colorectal. Twenty to 30% of patients with
colorectal carcinoma develop hepatic metastases; only
10-20% are respectable, and hepatic resection is the
therapeutic gold standard [16-18].

Regarding those from non-colorectal tumors, indi-
cation for resective surgery is straightforward for tes-
ticular, renal, and neuroendocrine tumors (NET) [19].

Hepatectomy for metastases from other primitive
tumors appears to be appropriate for metastases from
some sarcomas, mammary carcinomas and the gyne-
cological sphere, and lastly from melanoma, but the
selection criteria are still little defined.

The criterion of nonresectability must be expressed
by a surgeon expert in the field of hepatic surgery. For
patients for whom resection is not available, ablative
techniques can provide a therapeutic alternative.

Further, RFA has gained growing application in as-
sociation with hepatic resection itself.

In general, in connection with colorectal carcinoma
metastases, RFA can be indicated in patients not suit-
able for resection for general reasons; for anesthe-
siological reasons; for location, number, and vascular
relationships of the lesions; for patient refusal; in as-
sociation with resection of the primitive tumor; in as-
sociation with hepatic resection of other nodules; and
finally, in local recurrences following surgery.

Elias [20] reports his clinical experience with in-
traoperative RFA associated with hepatectomy to treat
otherwise unresectable liver metastases with curative
intent. The same author states [21] that well-used RFA
is at least as efficient as wedge resections to treat liver
metastases smaller than 3 cm.

At the same time, it is clear that RFA is better tol-
erated than is wedge resection, is less invasive, is less
hemorrhagic, and does not necessitate vascular clamp-
ing. It could thus be currently considered a valid tool
in the arsenal of intraoperative procedures to treat liver
metastases. The combination of anatomical segmental
and wedge resections, RFA, and optimal chemotherapy
in patients with technically unresectable LM results in
median survival of 36 months [22].

Analogically, Oshowo and Gillams report that RFA
used in conjunction with surgery, in patients who
were regarded as “nonsurgical” due to the extent and
distribution of their disease, gives results similar to
those reported for patients undergoing resection for
operable liver metastases. They concluded that RFA
extend the scope of surgical treatment in patients
previously thought to be unsuitable for surgical
resection [23].

Tepel [24], in 26 patients with 88 hepatic lesions,
concluded that intraoperative RFA alone, or in com-
bination with liver resection, extends the spectrum of
liver surgery in cases where complete resection is not
possible.

Our case experience consists of 37 patients with 65
HCC nodules, 5 patients affected with cholangiocar-
cinoma, and 63 patients with 115 metastatic lesions
originating from various primitive tumors (40 patients
with colorectal carcinoma; 10 patients with breast car-
cinoma; 6 patients with gastric neoplasia, 4 of which
with carcinoma, 1 with gastrointestinal stromal tumor
[GIST] and 1 with NET; 2 patients with renal carci-
noma; 2 with oesophageal carcinoma; 2 with pancre-
atic cancer; and 1 with anal cancer.

Regarding HCC, there were 55 procedures, of which
52 were carried out percutaneously, 2 by laparotomy,
and 1 by laparoscopic approach.

In the field of metastatic lesions, there were 85 pro-
cedures, of which 58 were percutaneous and 27 lapa-
rotomic.
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Fig. 14.3 A 71-year-old patient, subjected to left colectomy and RFA of two synchronous metastases. a, b CT preoperative scan.

c-e Intraoperative RFA by cluster; e shows the hyperechoic ring around necrotic area. f, g CT scan shows complete necrosis

All the procedures were performed with a Radionics
generator and cooled-tip electrodes, single or cluster
(triple).

Complete necrosis, evaluated through TC with
vascular contrast medium, analogically to the data in
the literature, was obtained in almost all of the nodules
<3 cm.

In addition, with a view to evaluating the feasibil-
ity of RFA in synchronous metastases from colorectal

carcinoma, 10 patients with 36 nodules (range: 1-10)
were treated.

Intestinal resection was always effected prior to ab-
lation (Fig. 14.3).

The necrosis obtained was complete in all nodules
except for one with diameter >6 cm.

In our experience, open RFA is effective and safe,
the use of the cluster is facilitated, numerous nodules
can be treated, vascular control maneuvers can be car-
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ried out, and it is easier to evaluate intraoperatively the

completeness of the necrosis [25-29].

As stated earlier, given the present state of know-
ledge, RFA can be considered as a curative treatment
of HCC. Its impact in terms of survival in connection
with hepatic metastases remains to be determined.

Gillams [30] studied the impact on survival by im-
age-guided thermal ablation, using interstitial laser
photocoagulation in patients with metastases from
colorectal metastases not suitable for surgical re-
section. This therapy improved survival both when
compared with systemic and regional chemotherapy
results.

Oshowo compared outcome in patients with solitary
colorectal liver metastases treated by surgery or RFA
[31]. The contraindications at surgery were lesion close
to or involving a major vessel (nine patients, comor-
bidity [nine], and stable extrahepatic disease [seven]).
Patients who had liver resection had truly solitary me-
tastases with no evidence of extrahepatic disease. Pre-
liminary survival curves between the two groups were
similar.

Abdalla examined recurrence and survival rates in
patient treated with hepatic resection only, RFA plus
resection, or RFA only for colorectal liver metasta-
ses. He concluded that the RFA alone or in combina-
tion with resection for unresectable patients does not
provide survival comparable to resection and is only
slightly superior to nonsurgical treatment [32].

Positive results in terms of survival are given by Ber-
ber with respect to systemic chemotherapy alone [33].

Poston [34], however, posed crucial questions in
this field:

e s destructive therapy equal in curability to surgery
for resectable colorectal liver metastases?

e What additional survival benefit does destructive
therapy have over modern systemic chemotherapy
(oxaliplatin and irinotecan) in the treatment of unre-
sectable disease?

Trials to attempt to answer these questions are ongoing.
After the initial phase centered on the feasibility and
efficacy of the method, important multicentric investi-
gations were carried out, from which on the one hand
precise data regarding complications and mortality
emerged, and on the other opportune guidelines.
Mulier reports a mortality rate of 0.5%, with com-
plications of 8.9% [35].
Livraghi reports a mortality rate of 0.25%, with ma-
jor complications of 2.1% and minor of 4.7% [36].
Even if it is widely recognized that the mecha-
nism of cell destruction induced by RFA is sustained
by necrosis and apoptosis mechanisms, the effective
biological processes that result from this are not clear.
RFA induces an inflammatory response in the site of
application, thus modulating the cellular components

of the immune system. Moreover RFA application
seems to enhance antitumor immunity. In collabora-
tion with our colleagues of the University of Rome La
Sapienza, we have shown that leukocyte subsets differ-
ently respond to RFA application; in particular CD3/
CD4 cells and CD19* cells decrease following RFA in
metastatic liver patients, while no such modulation is
observed in HCC patients. Moreover an antigen spe-
cific antitumor immune response mediated by inter-
feron (IFN)-y production can be augmented follow-
ing RFA [37].

With a view to obtaining greater volumes of necro-
sis, compared with monopolar RFA, from January to
June 2003 at the Department of Biology, Animal Facil-
ity Centre (STA) University of Rome Tor Vergata, we
started a series of experimentations on ex vivo pig liver,
adopting multiple needle electrodes in bipolar mode.
The preliminary results obtained from this experimen-
tation led us to realize that multiple electrode needles
arranged comb fashion would realize slices of paren-
chymal coagulation with closure of the blood and bili-
ary vessels in a reasonable time, avoiding multiple ap-
plications of a single monopolar needle.

In these procedures RF electrosurgical apparatus in
bipolar mode was used to produce a sinusoidal pure
wave of 660-kHz frequency, 140-V output, and maxi-
mum power of 30 W, with 100-Q impedance that fed
two electrodes.

The entire system was originally composed of three
RF generators and six electrodes. Finally, we fashioned
a single generator that was modified to deliver 60 W,
through six electrodes with 500-Q2 impedance, and
forced cooling. The apparatus was modified in order to
supply controlled power simultaneously to five bipolar
circuits through the six electrodes that constituted the
application tool, fed from an output transformer with
six terminals. The following parameters were evalu-
ated: distance between electrodes, energy delivered,
width and thickness of necrosis, and needle diameter.
After the approval of the Animal Ethics Committee, 18
liver resections on six pigs (Landrace pig) were per-
formed from September 2003 to December 2004. All
procedures were performed under general anesthesia,
with tracheal intubation and continuous cardiac moni-
toring, with midline laparotomy and without vascular
control. Nine atypical liver resections were performed
in three animals sacrificed at the end of the experi-
ments. Nine atypical liver resections were performed in
three animals, at two different times. The animals were
kept alive after primary operation to evaluate the prin-
cipal complications (bleeding, biliary leakage). Blood
sampling was performed before the first operation, and
at the fourth postoperative day to assess bleeding.

During the second operation, we carefully evalu-
ated the entire abdominal cavity and the liver edge,
performing biopsy of the necrotic tissue (for histologi-
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Fig. 14.4 a Single line coagulation in left lateral lobe in pig’s liver. b Section with scalpel along the necrotic line. ¢ Liver edge after

resection

Fig. 14.5 Bipolar automatic generator and comb

cal control), and carried out another two resections on
each animal.

The resections were performed with a normal scal-
pel after multiple application of the multielectrode
probe along the established line (Fig. 14.4).

In order to obtain optimal coagulation of the slice
of liver parenchyma, and to facilitate the cutting of the
tissue, we decided to perform a double parallel line of
application of the probe.

During this phase we used a generator with 475 kHz,
160 V, and 150 W (SURTRON SB) (Fig. 14.5).

Finally, to access the tolerability and safety of the
system on human beings, after IRB approval, we de-
signed and implemented a clinical pilot study in our in-
stitution. In connection with the feasibility, we looked
at the coagulative panel and intra- and postoperative
echo color Doppler blood flow results. With regard to
the efficacy, we studied the extent of the coagulative
necrosis, blood loss, and the healing of the transected
liver as well as the handling of the probes.

We obtained the approval of the Hospital Ethical
Committee and the informed consent of each patient.
The preoperative work up was standard for surgery of
hepatic tumors. Postoperative controls involved evalua-
tion of the blood count, liver enzymes, and coagulation
panels. Ultrasound examination allowed us to evaluate
collection and hepatic vessel flow. Finally, the CT scan
gave us evaluation of the liver edge (Fig. 14.6).

The study included the enrolment of six patients
with primary and metastatic tumors suitable for liver
resection according to the usual surgical criteria for
these cases. Four patients had colorectal metastases,
one patient suspected gallbladder carcinoma, and
one patient suspected intrahepatic cholangiocarci-
noma.

Altogether, the following procedures were carried
out: three left lobectomies, one left hepatectomy, one
gallbladder bed resection, and four wedge resections.
Associated surgery was RFA in two unresectable tu-
mors, one total colectomy, and one ileocoloanastomo-
sis. Whenever possible, ligation, and division of the
inflow vessels was performed before transection, al-
lowing rapid coagulation of the liver plane.

In the case of the left hepatectomy, we proceeded
prudently, as it was our first patient and so performed
control of portal left pedicle and left hepatic vein; in
contrast, in last left lobectomy we performed resection
without vascular control.

No vascular control was needed for the wedge re-
section. In the other patients only portal inflow control
was obtained.

After the double line of tissue coagulation, we cut
the liver parenchyma with a normal scalpel. Successive
application of the probe allows transection close to the
hepatic vein. Blood loss is minimal. The probe can be
used also in an anteroposterior direction.
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Fig. 14.6 A 68-year-old patient with metachronous metasta-

ses from colonic cancer subjected to left hepatectomy. Left to
right a Preoperative CT scan, b intraoperative coagulation of

Close to the hepatic vein, coagulation is not prudent
and so we transect the tissue in a traditional way.

The hepatic vein was divided by a stapler.

We observed only one complication in Patient 2,
whose drainage was removed with output still at 100 ml.
However, normalization came about after 45 days.

Recently, another three patients with colorectal liver
metastases underwent liver resection using this device:
two right hepatectomy and one right lateral segmen-
tectomy plus RFA of nodule in the fourth segment.

In conclusion, the coagulation with multielectrode
bipolar radiofrequency device allows a liver blood-
less resection. Liver resection assisted by this device is
feasible, easy, and safe. This method for liver resection
is absolutely tolerable by the patient with no systemic
complication or adverse reaction. This new technique
offers a method for a blood less hepatic transection
[38-42].

Currently, the generator is able to check the tis-
sue impedance and thereby automatically choose the
power. Further, still automatically, it can operate the
switching out of each electrode as soon as necrosis is
reached. The comb is relatively manageable; a special
device has been realized in order to facilitate both the
insertion and the protection of the hands of the sur-
geon, together with the surrounding organs. Thanks to
the tissue necrosis, we can hypothesize a low level of
recurrence at the level of the resected liver edge over
the long term.

14.2  Conclusions
Oncological therapy of solid neoplasms is continuously
evolving. Traditionally, local tumor removal has re-
quired major surgery. Recently, progress in imaging has
permitted the development of interstitial therapies with

“in situ” destruction of liver tumors and saving of nor-
mal tissue. In this scenario, RFA has received increasing
interest, both for the possibilities of treating patients

the liver resection plane, ¢ postoperative CT scan after 1 month
that shows necrotic tissue at liver edge

not suitable for surgical resection, and for low morbid-
ity and mortality related to the ablation technique itself.
Information from experience and literature data
gave us a lot of information in the field of tolerability,
safety, efficacy, complications, and the possibility of
specifying opportune guidelines.
Nevertheless many questions as to biological and
therapeutic issues are still unsolved:
e Impact on long-term survival
e Relation to systemic inflammatory and immuno-
logic response
e Imbrications with systemic or intra-arterial chemo-
therapy
Immunotherapy
Relation to other kind of interstitial therapy
Relation to, or substitution of, surgical resection
Benefits of debulking in conjunction with chemo-
therapy or other systemic therapy

RFA is actually the most versatile and most used form
of interstitial therapy. It has found defined utilization
in HCC treatments. Its role in the field of liver metasta-
sis is still evolving, above all due to notable results with
recent aggressive chemotherapy.

In the multidisciplinary approach to the solid liver
tumor, RFA is a further important tool in the ongoing
battle against cancer.

Definitive data should emerge from controlled clini-
cal trials.
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Chapter

Technological Innovations
in Kidney and Liver Living-
Donor-Related

Transplantation

Enrico Benedetti

15.1  Introduction

Recently, the field of organ transplantation has reached
a high level of clinical success because of significant
improvements in immunosuppressive strategies. How-
ever, in the last decade, no significant technical inno-
vations have significantly modified the approach to
clinical organ transplantation in the recipient’s opera-
tion. The success of transplantation has widened the
gap between potential candidates and available cadaver
donor organs. In fact, since 1995 the number of cadav-
eric donors for kidney transplants in the United States
reached a plateau at approximately 8,000 a year, while
the number of potential recipients continues to grow
exponentially. In liver transplantation, the trend is
similar. Interestingly, the mortality rate on the waiting
list was 14.7% in 1995, almost unchanged compared to
17.6 % in 2003. Clearly, the main obstacle to further ex-
pansion of organ transplantation is the lack of adequate
number of cadaveric donors. The most successful strat-
egy to mitigate the donor shortage has been a more ex-
tensive use of living donors. In fact, the recent growth
in the number of kidney transplantations performed
in the United States has been entirely supported by an
increased number of living-donor-related transplants
in the face of a static supply of cadaveric donors. Ac-
cording to a recent United Network for Organ Shar-
ing (UNOS) report, the number of kidney transplants
from living donors has increased from 2,851 in 1993 to
6,464 in 2003 [1, 2]. Furthermore, in the last few years,
living-donor liver transplantation, originally limited
to pediatric recipients, has been successfully applied
to adults. Living-donor liver transplantation has con-
tributed to the reduction of donor organ shortage, and
has allowed treatment for patients previously excluded
from liver transplantation (i.e., those with large liver
tumors) [3-5].

In our judgment, the most important, recent tech-
nical innovations in the field of organ transplantation
have been the result of the increased focus on safe and
reliable procurement of donor organs from living do-
nors.

The aim of this chapter is to illustrate the impact of
modern technologies in surgical techniques related to

15

kidney and liver grafts procurement from living do-
nors. In particular, it describes in detail laparoscopic
robotic-assisted techniques for living-donor nephrec-
tomy for kidney transplantation, as well as new strate-
gies for safe parenchymal transection in hepatectomy
for living donor liver transplantation.

15.2 Robotic Technology in Laparoscopic

Living-Donor Nephrectomy

From its introduction in Boston in 1954 by Murray,
living-donor nephrectomy performed in an open fash-
ion has proven over the years to be a safe and effective
procedure. In the following four decades, thousand of
patients affected by end-stage renal failure have been
successfully treated with living-donor kidney trans-
plantation. The data generated have confirmed the
safety of a healthy donor to donate one kidney in terms
of physical performances and quality of life [6, 7]. Al-
though safe and technically very successful, open ne-
phrectomy is quite traumatic for the donor, and causes
significant pain and discomfort. The consideration
of the altruistic nature of kidney donation has moti-
vated the transplant community to focus not only on
avoiding potential surgical complications, but also on
obtaining a rapid and complete restoration of donor
health and physical fitness. Laparoscopic techniques
were evaluated in the mid-1990s to achieve these goals.

Laparoscopic resection of diseased kidneys was
first introduced by Clayman in 1991 [8]. Ratner et
al. performed the first successful laparoscopic donor
nephrectomy at John Hopkins University in 1995 [9].
Since then, the number of laparoscopic donor ne-
phrectomies has rapidly grown, contributing greatly
in increasing the number of living donor kidney trans-
plants performed in the United States. Several cen-
ters have reported an increase in living-donor kidney
transplants as high as 200% after the introduction of
laparoscopic nephrectomy. In 2001, the number of liv-
ing donors has exceeded the number of cadaveric do-
nors for kidney transplantation for the first time, and
the trend continues to date [2].
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Although the technique originally described by Rat-
ner has remained substantially unchanged in its funda-
mental steps, significant technological improvements
have been added in the last few years.

One of the most important technical innovations
has been the introduction of hand-assisted devices
[10]. The introduction of the hand-assisted technique
has determined a shortening of the learning curve and
contributed to widespread application of laparoscopic
donor nephrectomy. Commonly, the hand-assisted de-
vice is placed through an approximately 7 cm midline
infraumbilical incision. The surgeon’s arm is inserted
into the LAP DISC hand port (Ethicon, Piscataway,
N.J.) and used for manual retraction, dissection, hemo-
stasis, and finally for kidney retrieval while maintain-
ing pneumoperitoneum (while pneumoperitoneum is
maintained by the special seal of the hand port).

The main advantages of the hand-assisted technique
include improved ability to control bleeding vascular
injuries, reduced length of surgery, and reduced warm
ischemia time for the kidney graft [11].

In comparison with the open technique, laparo-
scopic nephrectomy has several recognized disadvan-
tages, including increased operating room time, need
for special equipment (usually quite costly), and lim-
ited ability of movement of the laparoscopic instru-
ments, as well as two-dimensional (2D) rather than
three-dimensional (3D) vision. In the attempt to im-
prove the technical performance of laparoscopic donor
nephrectomy, a program of robotic-assisted donor ne-
phrectomy using the da Vinci® Robotic Surgical System
was started in August 2000 (Intuitive Surgical, Sunny
Valley, California).

Robotic surgery is a recent evolution of minimally
invasive surgery aimed to obtain greater freedom of
movement and to recreate the hand-eye coordination
and 3D vision that is lost in standard laparoscopic pro-
cedures.

Technical details and various options currently
available in robotic surgery are discussed in detail in
Chap. 9.

The first robotic-assisted laparoscopic nephrectomy
in a living human being was performed by Guillon-
neau et al. [12]. The authors reported a case of a right
nephrectomy performed in a 77-year-old woman with
a nonfunctioning, hydronephrotic right kidney, using
the Zeus Robotic System.

In July 2000, the da Vinci® Robotic Surgical System
was approved by the US Food and Drug Administra-
tion (FDA) for clinical use in the United States. The da
Vinci® Robotic Surgical System combines robotics and
computer imaging to enable microsurgery in a laparo-
scopic environment. The system consists of a surgeon’s
viewing and control console integrated with a high-
performance, 3D monitor system and a patient side
cart consisting of three robotic arms (Fig. 15.1).

Fig. 15.1 Robotic arms

While observing the image of the operative field, the
surgeon can control instrument movements via hand-
controlled manipulators directly linked via electronics
to motor-driven arms. These motor-driven arms hold
and move instruments with standard surgical tool tips.
The software within the da Vinci® Robotic Surgical
System translates the surgeon’s hand, wrist, and fin-
ger movements into corresponding micromovements
within the patient’s body, without any time delay. The
instrument movements are under direct, real-time
control of the surgeon. By using a kinematic structure
(joint movement), the movements of the surgeon at the
console are translated to the correspondent smaller in-
strument tip movements in the surgical field. The da
Vinci® Robotic Surgical System provides the surgeon
the benefits of access through small incisions with-
out giving up the dexterity, precision, and instinctive
movements of open surgery. Tip articulations mimic
the up—down and side-to-side flexibility of the human
wrist. These articulations extend the surgeon’s mini-
mally invasive abilities to a new level. In this system,
the surgeon sits remote from the patient at an operat-
ing console adjusted to provide an optimal ergonomic
environment.

In August 2000, our group successfully performed
the first robotic-assisted donor nephrectomy for kid-
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ney transplantation with the da Vinci® Robotic Surgical
System [13]. After a very favorable experience in a pilot
study of 12 cases, we adopted robotic-assisted donor
nephrectomy as our standard for living-donor kidney
procurement. We discuss our current technique and
the results to date below.

Between August 2000 and February 2004, we per-
formed 112 robotic-assisted donor nephrectomies.

The donors were screened according to a thorough
medical evaluation specified by a standardized proto-
col. Preoperatively, the donors underwent a spiral CT
scan with 3D vascular reconstruction, which allows
precise definition of the renal vascular anatomy.

15.3  Surgical Technique
The donor nephrectomy is performed under general
anesthesia, with the patient placed in the right decubi-
tus position with pressure points padded. The operat-
ing table is flexed to maximize the exposure of the left
kidney during the procedure. A 7-cm midline incision
is performed immediately below the umbilicus, taken
down through the fascia and into the abdominal cavity.
A LAP DISC hand port is inserted, and pneumoperito-
neum is achieved with 14 mmHg CO, insufflation.
Under direct visualization, a 12-mm trocar is placed
at the level of the umbilicus on the left side of the ab-
dominal wall, two 8-mm trocars are placed in the sub-
xiphoid and left lower lateral abdomen, and another
12-mm trocar is placed in the left inguinal region. The
da Vinci® Robotic Surgical System is then brought into
position, and the arms are connected to the trocars.
The descending colon is freed from the lateral peri-
toneal attachments using electrocautery and reflected
medially. The 3D view offered by the robotic system
allows for a quick and safe identification of the ureter
during dissection along the psoas (Fig. 15.2).

Left urcter «*

Fig. 15.2 Left ureter identification

Adrenal Vein .

Fig. 15.3 Left renal vein

The ureter is dissected free circumferentially in a
cephalad direction, beginning at the level of the left
common iliac artery. The posterior attachments of the
kidney are then taken down. In this phase of the opera-
tion, the robot is particularly helpful in the dissection
of the upper pole of the kidney from the retroperito-
neal fat and the spleen, thanks to the articulated arm
that reproduces the action of the human wrist.

The gonadal vein is identified medially and followed
superiorly up to its junction with the left renal vein
(Fig. 15.3).

The renal vein is then dissected free, and its tribu-
taries (gonadal, lumbar and left adrenal veins) are di-
vided between locking clips. At this point, the kidney
is retracted medially and the main renal artery and any
accessory renal artery are identified and dissected free
up to the level of the aortic take-off.

The ureter is clipped twice distally at the level of the
iliac artery and sharply transected. At this point, in-
travenous heparin at the dose of 80 units/kg is given.
In the initial 60 cases, the renal artery was transected
using a linear cutting vascular stapler (LCS, Ethicon).
After experiencing three failures of the stapling device,
resulting in conversion to open procedure, we modi-
fied the technique by first placing a locking clip (Hem-
o-Lok, Weck Closure Systems, Research Triangle Park,
N.C.) at the take-off of the renal artery, and then divid-
ing the artery with the stapling device. We used the sta-
pling device alone for the transection of the renal vein
in all cases. At this point, the left kidney is removed
through the lower midline incision and taken to the
back table where it is flushed with cold infusion of Uni-
versity of Wisconsin solution (ViaSpan™ Barr Labora-
tories, Pamona, N.Y.). Laparoscopic inspection of the
renal bed is then performed to ensure hemostasis while
intravenous protamine of appropriate dosage is admin-
istered. After evacuation of the pneumoperitoneum
and removal of the trocars, the lower midline fascia is
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closed with a running no. 1 absorbable monofilament.
The skin incisions are closed with subcuticular 4-0 ab-
sorbable monofilament and routinely infiltrated with
0.25% bupivacaine with epinephrine.

The robotic dissection of the left kidney with its vas-
cular pedicle was successfully completed in all cases.
However, in four cases conversion to open procedure
was necessary because of abovementioned failure of
the stapling device (three cases) and bleeding from re-
nal vein laceration (one case). Mortality was 0%, while
postoperative morbidity included pneumonia (n = 1),
mild pancreatitis (n = 1), and superficial wound infec-
tions (n = 3), all successfully treated with conservative
management. The mean hospital stay for robotic-as-
sisted living-donor nephrectomy was comparable to
standard and significantly shorter than was the open
nephrectomy (P = 0.05).

The mean warm ischemia time was 79 s (ranging be-
tween 70 and 95 s).

The mean hospital stay decreased from 2.5 to 2.0
days, compared with standard laparoscopic donor ne-
phrectomy. The patients were able to return to work
after an average of 26 days (ranging from 12 to 49
days). All patients reported that although the laparo-
scopic approach did not influence their ultimate de-
cision to donate a kidney;, it did alleviate the anxiety
surrounding their decision. One-year patient survival
was 100%, while the 1-year graft survival was 98.8%.
The incidence of delayed graft function was 0%. Two
grafts were lost to acute rejection and renal thrombosis,
respectively. We did not observe any urological com-
plication. Average serum creatinine at 6 months post-
transplant was 1.3 mg/dl.

In our experience, robotic-assisted donor nephrec-
tomy has been an excellent tool to improve the safety
and comfort of our living donors for kidney trans-
plantation. Of course, experienced centers can obtain
comparable results with pure laparoscopic techniques.
However, the increased ability for a precise dissection
and 3D visualization of the operative field provided by
the robotic system is quite valuable. In the context of
an advanced minimally invasive surgical center per-
forming a large volume of complex laparoscopic pro-
cedures, the robot is becoming a critical component.
If the transplant center operates in an institution sup-
porting such a minimally invasive surgical center, it is
logical and appropriate to use robotic technology to
optimize living-donor care.

Furthermore, the robotic console is connected with
the operating arms through cables. It is only a matter
of improving the ability to transmit through cables the
information before telerobotic surgery can be exten-
sively applied. The advantages in terms of training and
supporting peripheral centers in their effort to master
complex operation would be invaluable.

15.4 Liver Transplantation

15.4.1 Technological Innovations in Transplant
Surgery: from “Crash Clamp Technique”
to Modern Instruments of “Intelligent”

Dissection, Hemostasis

Fueled by the chronic scarcity of cadaveric donors,
living-donor liver transplantation has become an ac-
cepted transplantation technique.

After the first attempts by Raia [14] and Strong [15]
demonstrated the feasibility of the procedure, Broelsch
in 1990 performed the first clinical series of living-re-
lated liver transplant in pediatric recipients [16, 17].
In the late 1990s, the procedure of living-donor liver
transplant evolved from the left lateral hepatectomy for
children to the more difficult and complicated prone
right and left hepatectomy for adult patients.

Today, adult-to-adult living-donor liver transplan-
tation is performed routinely in Europe, Asia, and the
United States. Safety of the donor and the necessity of
preserving the portion of the liver to be transplanted
have totally changed the surgical approach to the hepa-
tectomy. Vascular structures like the portal vein, the
hepatic artery, the hepatic veins, and bile duct cannot
just be ligated, but must be carefully dissected, pre-
served, and cut in order to provide intact vascular and
biliary structures for the implantation. Complications
that could be “accepted” in a patient undergoing hepa-
tectomy for a liver tumor must be avoided in a healthy
donor.

Consequently, the past 15 years have seen a tremen-
dous effort to improve the surgical technique, especially
the parenchymal transection of the liver with the aim
of decreasing blood loss, operative time, complication
incidence, and obtaining perfect vascular and biliary
structures for the anastomosis in the recipient. Already
in 1990, Broelsch wrote in relation to the complication
incidence, “We think they can be prevented in future
cases ... by meticulous parenchymal transection.” The
parenchymal transection was at that time performed
by a combination of “crash clamp technique,” and the
hemostasis was provided by monopolar coagulator
and/or by sealing of the cut surfaces with fibrin glue.
In the following decade, several technical innovations
have made living liver donation safer and have modi-
fied the surgical approach to liver parenchymal tran-
section. Living-donor liver transplantation is the only
transplantation method in Japan and the Far East, and
it is performed in 46 centers in Europe and in 56 cen-
ters in the United States [18]. In terms of results, the
more recent data from European Liver Transplant
Registry [19] show that survival of living-related liver
transplantation in children is better than cadaveric liver
transplantation. In adults, living-donor liver transplan-
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tation has the same patient and graft survival as cadav-
eric transplantation while assuring almost no primary
nonfunction (4 vs. 8%, respectively) and fewer early re-
transplants of the liver (1 vs. 10%, respectively).

The confidence realized by many transplant surgeons
in performing live-donor hepatectomy has allowed a
broadening of the indications for the procedure, of-
fering to many patients with previously untreatable
conditions a chance for cure. An example of the expan-
sion in indications is the patients affected by large he-
patocellular carcinoma who now undergo living-donor
liver transplantation [3-5, 20, 21]. It is paramount to
perform the transection of the liver parenchyma, re-
specting all the anatomic vital structures and prevent-
ing any technical complication like bile leaks, bleeding,
and vascular thrombosis. The transplant surgeon has
many instruments that can be useful to obtain such an
outcome. These instruments can be divided in three
different groups: instruments that provide pure dissec-
tion, pure hemostasis and simultaneous dissection and
hemostasis. The following describes their application
in transplant surgery.

15.5 Transection Systems

15.5.1 Ultrasonic Dissector

The ultrasonic dissector does not possess hemostatic
properties, but serves only to remove or divide paren-
chyma, exposing vascular structures and bile ducts.
These structures can be then controlled with conven-
tional technique (ligation, clipping, coagulation) or by
the use of the harmonic scalpel. The ultrasonic vibration
(range about 100 p) of the hand piece hollow titanium
tip selectively destroys liver parenchyma cells because
of their high water content. It preserves the vascular
and bile duct structures due to their higher content of
elastin and collagen. The tip of the hand piece is con-
stantly irrigated. A suction line parallel to the hollow
tip aspirates the irrigation fluid, blood, and small tissue
fragments. The ultrasonic dissector allows a decrease
in blood loss and provides extensive exposure and dis-
section of large anatomical structures like portal and
hepatic venous branches [22, 23]. Preservation of these
structures is necessary when the resected portion of the
liver will be used as a graft for the recipient.

15.5.2 Water-Jet Dissector

The water-jet dissector, or jet-cutter, is a device that
like the ultrasonic dissector is able to produce a selec-

tive cutting action while discriminating between pa-
renchyma and vascular and biliary structures [24, 25].
This instrument makes use of a high-pressure pump
that imparts potential energy to a sterile saline fluid.
Via a high-pressure line, the saline is conducted to a
nozzle, from which it is delivered as a fine, high-pres-
sure jet stream. By adjusting the pressure and nozzle
parameters appropriately, it is possible to use such an
instrument for selective cutting of the parenchyma.
More resistant structures like veins, arteries, and bile
ducts are left intact. Another important factor for the
dissection of the parenchyma with the jet-cutter is the
depth of penetration of the jet stream. This parameter is
determined by pressure and nozzle size. In the pressure
range of 60-80 bar, cutting is effective and practicable.
There are at least three different systems of jet-cutter
commercially available that differ in the accessories
(handling or foot-pressure adjusting device) or in the
type of pump (liquid-plus-gas or piston pump).

15.6 Hemostasis Systems

15.6.1 Staplers

The role of the staplers in open liver surgery was lim-
ited to division and stapling of large vessels previously
dissected by other devices [26, 27]. The advantages are
rapidity and relative safety of action. The application
of the laparoscopic technique to liver surgery has fa-
miliarized surgeons with the use of the stapling device
for transection of the liver parenchyma. The technique
of stapling across the liver parenchyma allows an ex-
tremely fast and moderately bloodless parenchymal
transection. The complete hemostasis on the cut sur-
face of the liver can be obtained with a monopolar co-
agulator or/and a floating ball. Nevertheless, no data
are available to determine whether this technique is
safe also in preventing bile leaks in both the donor and
the recipient.

15.6.2 Floating Ball

This technology combines a conductive fluid with ra-
diofrequency energy. The conductive fluid is infused at
the point of tissue contact by means of a ball at the end
of the handheld device, while the thermal energy seals
the tissue. By shrinking the natural collagen in the
tissue, blood flow is stopped, and the tissue is sealed.
While at the point of contact the temperature reaches
350°C, the fluid delivered at the tip of the handheld
device cools the tissue and avoids the formation of es-
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char and tissue burning. The floating ball can coagulate
vessels or ducts up to 10 mm in diameter. The major
drawback in the use of this device in living donor hep-
atectomies is the spreading of the heat around the ball,
which may cause damage to the vascular and biliary
structures that must be left intact for the subsequent
implantation [28].

15.7 Simultaneous Hemostasis

and Transection

15.7.1 Thermal Methods

This group includes different instruments that have in
common the ability to seal blood vessels or to cut sur-
faces by protein denaturation induced by heat. Among
these instruments are the laser, the monopolar electri-
cal cautery (Bovie) and the bipolar cautery. In the liv-
ing-donor hepatectomy, only the monopolar and bipo-
lar cauteries are frequently used. A popular technique
is to use either instrument to obtain coagulation of
small vessel on the cut surface of the parenchyma that
has been previously transected with other devices, i.e.,
the ultrasonic or the water-jet dissectors [29].

15.7.2 Harmonic Scalpel

The harmonic scalpel represents one of the most inno-
vative instruments introduced in the last decade, and
is the only one that can practically combine dissection
and hemostasis functions. The harmonic scalpel uses
ultrasonic energy and eliminates the passage of elec-
trical energy through the patient, like in conventional
electrosurgery. The harmonic scalpel cuts and coagu-
lates the tissue at temperature lower than 100°C. Cut-
ting speed and coagulation are inversely related. More
power results in increased distance traveled by the
blade. Some devices are available with several power
levels varying from a range of 50 to approximately 100
um, which overall provide efficacious compromise be-
tween hemostasis and dissection in virtually any tissue
encountered during surgery. The lower temperature
and more controllable energy form result in smaller
lateral thermal tissue damage.

Despite its characteristics, the harmonic scalpel has
not found a consistent application in living-donor hep-
atectomy. One possible explanation might be that some
investigators have not found any advantage in terms of
transection speed, decreased blood loss, and decreased
complications incidence when comparing the harmonic
scalpel with the traditional crush clamp technique or
the ultrasonic and water-jet dissectors [30, 31].

15.7.3 Laparoscopic Donor Hepatectomy
for Living-Related Transplantation

The most exciting innovation in living-donor liver
transplant surgery is the living-liver donor hepatec-
tomy. The introduction of laparoscopy to living-related
renal transplantation has tremendously increased the
incentive to donate while maintaining excellent donor
and recipient outcomes. It is foreseeable that a similar
effect may be brought by the systematic utilization of
laparoscopic surgery in the living donor hepatectomy.

The benefit of decreasing postoperative pain by re-
placing the large subcostal incision now utilized with
a smaller lower abdominal incision is evident. On the
other hand, many technical aspects must be solved be-
fore a routine application of laparoscopy will be pos-
sible.

At the present time only left lateral hepatectomy in-
cluding segments 2 and 3 has been performed by lapa-
roscopy [32- 36].

The operation described is based on a hand-as-
sisted laparoscopic approach through a suprapubic
incision and five trocars. Carbon dioxide is used for
pneumoperitoneum, and the transection of the liver
parenchyma is performed with the ultrasonic dissec-
tor and the harmonic scalpel. Hemostasis is obtained
by bipolar electrocoagulation, and a vascular stapler is
used for the control of the larger vessels. At the time
of the writing of this chapter, there is no official report
of a laparoscopic right or left hepatectomy for dona-
tion to an adult patient. Due to the great interest of the
industry in creating new and safer technology for lapa-
roscopic surgery and the to the growing confidence of
many surgeons in laparoscopic liver resection, it is pos-
sible that in the next decade laparoscopic donor hepa-
tectomy will be performed as routinely as laparoscopic
donor nephrectomies.
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Chapter

Tissue Engineering

Michael Shin and Joseph Vacanti

16.1  Introduction

Despite significant technological and medical ad-
vances, tissue loss and/or organ failure remains one
of the most devastating and costly problems in health
care. Since 1989, the number of patients has more than
quadrupled in the United States alone. Currently, there
are more than 80,000 patients on the national waiting
list for organ transplants. In addition to this rapid in-
crease, demand for donor organs continues to exceed
supply by a substantial margin [1].

Currently, the most common treatment modalities
include artificial devices, surgical reconstruction, and
transplantation. In some instances, drug therapy is suf-
ficient to replace the formation of metabolic products
of a diseased or malfunctioning organ. This approach
is common in endocrinology, and perhaps the best-
known example is insulin injections for the treatment
of diabetes. Improved delivery devices have resulted
in better patient compliance, but the lack of normal
feedback mechanisms may lead to an imbalance of
hormonal levels and cause either acute or long-term
complications [2, 3].

Artificial devices made of nonbiological materials,
such as metals and plastics, are now routinely used in
a variety of applications, ranging from joint replace-
ments to mechanical heart valves and vascular grafts.
These devices are also used in various extracorporeal
applications such as dialysis. Due to the interface be-
tween the host tissue and the foreign material, artifi-
cial devices are prone to infection, thromboembolism,
and frequently subject to limited materials durability
[4]. The increased life expectancy of the aging popu-
lation and the need for surgical treatments in increas-
ing numbers of younger patients are placing greater
demands on the durability and expected clinical life-
time of artificial prostheses. At present, well-designed
prostheses have excellent clinical success rates for the
first decade in most patients. However, in the second
decade of the prosthesis’ life, the failure rate and need
for revision operations increase significantly [5, 6].
To alleviate these problems, research efforts are being
undertaken to develop a better understanding of the
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behavior of materials in the physiological environment
and thereby create more biocompatible and biomi-
metic materials [7-9]. While these research efforts are
expected to lead to improved performance of artificial
devices, the most important drawback of implantable
artificial devices is the lack of growth potential, which
is particularly relevant for pediatric patients.

Surgical reconstruction relies on using either differ-
ent organs or unaffected tissue to replace damaged tis-
sue or organs. Saphenous veins have been successfully
used as bypass grafts. Myocutaneous flaps, either as
pedicled flaps or as free tissue transfers, have also been
effectively used for a variety of soft tissue defects [10-
13]. However, since the replacement tissues are of a dif-
ferent tissue type, they are usually unable to restore full
function. Furthermore, donor site morbidity and the
scarcity of harvest sites remain critical issues [14].

Since the first successful transplant of the cornea
in 1906, transplantation surgery has made significant
advances [15]. The first successful human organ trans-
plant was performed by Murray and colleagues in 1954,
and the success with the kidney led to attempts with
other organs [16-18]. Today, survival times ranging
from 12 years (intestine) to more than 38 years (kid-
ney) have been reported [19]. This success has been
made possible by advances in transplantation biology
and immunology, e.g., the introduction of tissue typ-
ing and the development of immunosuppressants to
prevent allograft rejection. In particular, the discov-
ery of cyclosporine brought transplants from research
surgery to live-saving treatment [20, 21]. Despite these
significant advances, organ and tissue transplantation
remain imperfect solutions. Transplant recipients must
follow lifelong immunosuppression regimes that are
associated with increased risks of infection, potential
for tumor development, and side effects. Most impor-
tantly, the aforementioned donor organ shortage limits
the widespread availability.

To overcome these shortcomings, tissue engineer-
ing has been proposed as an alternative approach. The
term tissue engineering was initially coined at a meet-
ing sponsored by the National Science Foundation
(NSF) in 1987. Formally, tissue engineering can be de-
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fined as “the application of the principles and methods
of engineering and the life sciences toward the devel-
opment of biological substitutes that restore, maintain
or improve tissue function” [22]. Tissue engineering is
an interdisciplinary approach that relies on the synergy
of developmental biology, materials engineering, and
surgery to achieve the goal of developing living sub-
stitutes that restore function and become fully inte-
grated into the patient. Two principal approaches have
been studied, the direct injections of selected cells, and
combined transplantation of cells and biodegradable
scaffolds to provide temporal structural support and
guide tissue regeneration. The fundamental hypothesis
underlying both approaches is that dissociated, healthy
cells will reorganize into functional tissue when given
the proper structural support and signaling cues.
Studies of direct cell injections have been carried
out in animals and humans using a variety of cell types
and organs [23-25]. This approach allows the use of
selected cell populations to carry out a specific func-
tion and has attracted particular interest as a treatment
option for infarcted myocardium [26, 27]. In addition,
it is possible to manipulate cells prior to injection [24,
28, 29]. The injected cells rely on the stroma of the host
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organs for cell attachment and reorganization, and it is
difficult to avoid migration of the injected cells.

The combination of temporary scaffolds and cells
has become a key approach in tissue engineering (Fig.
16.1). Using this approach, tissue engineering requires
three key components: (1) an appropriate cell source,
(2) biodegradable scaffolds with suitable biological and
mechanical properties, and (3) the proper environ-
ment to deliver the cells to the scaffold and promote
attachment and proliferation.

Cells for tissue engineering may be drawn from a
variety of sources. Primary cells may be autologous,
syngeneic, allogeneic, or xenogeneic. The use of autol-
ogous or syngeneic cells is generally preferred to avoid
immune reactions, but donor site morbidity or limited
proliferative capability can be important limitations.
At present, the use of allogeneic and xenogeneic cells
is limited due to the need for host immunosuppression.
Cell lines, i.e., cells that have been modified genetically
to proliferate indefinitely, are attractive since they have
the potential for rapid in vitro expansion and may be
appropriate candidates for gene therapy. However, the
tendency for cell lines to lose differentiated function
and potential tumor formation are important con-

Fig. 16.1 Overview of the tissue engineering approach.
Dissociated cells are harvested from an appropriate cell
source and combined with a biodegradable, porous
polymer scaffold that serves as a temporary extracellular
matrix. Following an in vitro culturing period to increase
cell attachment and proliferation, the constructs are im-
planted to replace or restore the function of missing tissue.
(Reprinted with permission from [22])

Cartilage
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cerns, and this requires further investigation. Recent
advances in stem cell discovery have demonstrated the
successful differentiation into various tissues like bone,
cartilage, and muscle [30]. These discoveries have sub-
stantial potential for tissue engineering. Nonetheless,
a more detailed understanding and control over dif-
ferentiation is required to bring stem cells to clinical
relevance.

The scaffold, typically in the form of a biodegrad-
able polymer, serves several important functions. First,
it acts as temporary filler for the defect site and pre-
vents the formation of nonfunctional scar tissue. It also
provides a temporary extracellular matrix (ECM) for
the transplanted cells and guides tissue regeneration.
Ideally, it also facilitates integration with the host tis-
sue. The use of a scaffold provides better spatial control
and permits the use of a higher cell number compared
to injections alone. To this end, both natural and syn-
thetic polymers have been investigated. Natural poly-
mers, e.g., collagen, are appealing because they consist
of ECM components and therefore mimic the native
environment more closely. Since they are obtained
from biological tissues, they are subject to batch-to-
batch variations. Furthermore, there is concern about
potential transmission of diseases. Synthetic polymers
are very versatile materials because their chemical and
physical properties can be tailored with a high degree
of precision. The biocompatibility and degradation rate
can be controlled during the polymer synthesis, and
defined structures with appropriate mechanical prop-
erties can be fabricated reproducibly using a variety of
polymer processing operations.

To obtain viable and functional tissue constructs
from cells and biodegradable polymers, it is often nec-
essary to culture the constructs in vitro for short pe-
riod prior to implantation. Static culture conditions are
usually sufficient to expand cells. However, to achieve
optimal distribution, attachment, and proliferation of
cells within the scaffold, a dynamic environment with
appropriate mechanical forces, nutrient transfer, and
gas exchange is required. The development of biore-
actors in tissue engineering remains an active field of
research. Various bioreactors have been developed to
optimize the culture conditions through mixing, pulsa-
tile flow and other mechanical stresses [31-33].

The remaining sections are organized as follows.
Section 16.2 provides an overview of representative tis-
sues and organs that have been investigated in tissue
engineering. As representative examples, tissue-engi-
neering approaches of skin, cartilage, bone, intestine,
cardiovascular tissue, and liver are reviewed. The or-
der of discussion reflects the increased complexity and
challenges of regenerating quasi-two-dimensional and
avascular tissues with low metabolic requirements to
the regeneration of complex, vital organs. Section 16.3
describes the current shortcomings and the additional

developments that are required to bring tissue engi-
neering to widespread clinical reality. Future directions
are also indicated. Section 16.4 addresses the relevance
of tissue engineering for the practicing surgeon and
concludes.

16.2 Overview

16.2.1 Skin

The skin is a highly organized, complex organ that con-
sists of two principal outer layers, the epidermis and
dermis. The epidermis is the outermost layer and pro-
tects the body from invasion and infection and helps to
seal in moisture. It constantly proliferates and replaces
itself. It does not contain any blood vessels, but in-
stead obtains its oxygen and nutrients from the deeper
layers of the skin. The dermis contains blood vessels,
nerves, hair roots, and sweat glands. It is also rich in
connective tissue that provides elasticity, firmness,
and strength. The most important function of dermis
is respiration. Wounds that extend only through the
epidermis or partially through the dermis are capable
of regeneration. If the wound extends through the en-
tire thickness of the dermis, regeneration is no longer
possible as there are no cell sources for regeneration.
In cases such as full-thickness burns or deep ulcers,
surgical solutions have been to apply autologous split-
thickness skin grafts from uninjured sites or apply al-
logeneic grafts from cadaveric donors. Due to limited
availability of donor sites or graft rejections, artificial
skin has been pursued as a treatment for burn victims
since the 1960s [34]. Since then, several strategies have
been developed to create tissue-engineered skin, and
three major approaches can be identified: (1) epider-
mal cells with no dermal layer; (2) only dermal layer;
and (3) full-thickness graft, i.e., epidermis and dermis.

Epicel® is an epidermal autograft that consists of
cultured keratinocytes on a polyurethane sheet. The
polyurethane sheet acts as support for cell growth
and application to the wound. Epicel® is grown from
a patient’s own skin cells and cocultured with mouse
cells to form cultured epidermal autografts. Since the
grafts are grown from autologous skin cells, they are
not rejected by the patient’s immune system. From a
biopsy of healthy skin about the size of a postage stamp,
enough skin can be grown to cover a patient’s entire
body surface in as little as 16 days. At present, Epi-
cel® is the only permanent skin replacement product
manufactured in the United States that is commercially
available around the world. The shelf life of the grafts
is 24 h, which enables the use of these grafts around
the world. To date, more than 700 patients have been
treated worldwide [35, 36].
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Dermagraft® is the first tissue-engineered human
fibroblast-derived allogeneic dermal substitute. In
this approach, human foreskin-derived fibroblasts are
grown on poly(lactide-co-glycolide) (PLGA) sheets.
The fibroblasts proliferate to fill the interstices of this
biodegradable scaffold and secrete human dermal col-
lagen, matrix proteins, growth factors, and cytokines, to
create a three-dimensional human dermal substitute
containing living cells. These living skin substitutes are
then cryopreserved until use. Dermagraft® has shown
success in the treatment of diabetic foot ulcers [37, 38].

Apligraf® is a full-thickness graft that consists of
allogeneic human keratinocytes and fibroblasts cul-
tured on type 1 bovine collagen matrix. Like human
skin, Apligraf® consists of two layers. The lower dermal
layer combines bovine type 1 collagen and human fi-
broblasts (dermal cells) that produce additional matrix
proteins. The upper epidermal layer is formed from
human keratinocytes (epidermal cells) that replicate
the architecture of the human epidermis. Apligraf® has
been used in over 12,000 clinical and commercial ap-
plications, and is indicated for the treatment of venous
leg ulcers and diabetic foot ulcers [39].

Skin was the first tissue-engineered organ to receive
approval by the US Food and Drug Administration
(FDA) for clinical applications, and is arguably the
most successful example of tissue engineering to date.
The aforementioned approaches, among others, have
advanced from laboratory studies to clinical trials or
commercial applications. Despite this success, there re-
main some concerns about the use of bovine-derived
proteins and the possible risk of infection. Further-
more, tissue-engineered skin is currently limited to se-
lected clinical applications and a truly universal tissue-
engineered skin remains to be developed [40].

16.2.2 Cartilage

Cartilage is an avascular mesenchymal connective tis-
sue that can be classified into three histological types—
hyaline, elastic, and fibrous cartilage—that differ in
contents and types of collagens, elastin, and proteogly-
can matrix. Cartilage itself contains no blood vessels
and obtains its blood supply from the overlying peri-
chondrium. Due to the lack of blood supply and ner-
vous innervation, it has a limited capacity for self-re-
pair. In cases of small defects, cartilage is able to repair
itself. However, in instances of partial or full-thickness
defects, damaged cartilage cannot be repaired. Due to
this limited self-repair potential and the low metabolic
needs, cartilage is an attractive candidate for tissue en-
gineering.

Initial studies demonstrated that primary chon-
drocytes that had been isolated from bovine cartilage

could be seeded onto synthetic, biodegradable polymer
scaffolds and produce neocartilage after transplanta-
tion into athymic mice [41]. Subsequent studies fol-
lowed this pioneering approach by relying on FDA-ap-
proved poly(a-hydroxyesters) like polyglycolic acid
(PGA), polylactic acid (PLA), and their copolymers
(PLGA) as the scaffold. It was shown that cartilage
could be generated in predetermined shapes using
specially configured synthetic biodegradable polymer
scaffolds (Fig. 16.2). The cartilage showed no signs of
resorption or overgrowth throughout the entire exper-
imental period. Histological examination confirmed
the presence of normal mature hyaline cartilage [42].
Tissue-engineered cartilage was also successful in the
treatment of surgically created cranial bone defects
in a rat model [43]. Articular cartilage is of particular
interest because full-thickness defects may progress to
osteoarthritis. Using a rabbit model, new hyaline car-
tilage was created for resurfacing distal femoral joint
surfaces that had been surgically denuded of articular
cartilage. Evidence of new cartilage growth was found
after 7 weeks, while animals in control groups showed
virtually no new cartilage formation [44].

In addition to scaffold-based approaches, autolo-
gous chondrocyte transplantation without scaffolds
has been used in a clinical study to repair deep carti-
lage defects in the femorotibial articular surface of the
knee joint [45]. This has led to the development of Car-
ticel®, consisting of autologous cultured chondrocytes,
for the repair of symptomatic cartilage defects of the
femoral condyle caused by acute or repetitive trauma
in patients who have had an inadequate response to a
prior arthroscopic or other surgical repair procedure.
It should be mentioned that Carticel® is not indicated
as a treatment for osteoarthritis. Here, a small biopsy
of healthy knee cartilage is obtained and expanded in
vitro. The cells are subsequently implanted under the
periosteum in the defect and covered with a small
piece of the periosteum to hold the cells in place. About
4,000 patients have been treated, and the results to date
are promising.

In addition to creating cartilage in flat shapes, there
have been significant efforts in creating complex, three-
dimensional cartilage by using a variety of synthetic
biodegradable polymers. Polymer templates in the
form of nasoseptal implants were successfully used to
guide the reorganization of bovine chondrocytes into
neocartilage. All constructs showed evidence of forma-
tion of histologically organized hyaline cartilage [46].
A similar strategy was employed to create temporo-
mandibular joint discs. The scaffolds maintained their
specific shape, and histologically resembled hyaline
cartilage. The mechanical properties were found to be
similar to that of the native donor cartilage [47]. Carti-
lage formation was also successful in even more com-
plex, three-dimensional architectures like the human
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ear [48, 49]. Significant efforts have also been under-
taken to create a tissue-engineered trachea [50, 51]. A
study using a sheep model demonstrated the feasibility
of recreating the cartilage and fibrous portions of the
trachea with autologous tissue harvested from a single
procedure [52]. In addition, a methodology for creat-
ing a composite tracheal equivalent composed of cylin-
drical cartilaginous structures with lumens lined with
nasal epithelial cells was developed [53]. These studies
demonstrate the validity of the tissue-engineering ap-
proach, but important additional variables remain to
be determined. The foremost question concerns the
cell source. Since cartilage is found in various parts
of the body, it is preferable to use a site for cell har-
vest that is easily accessible and requires less invasive
methods. To this end, various cell sources have been
assessed [54]. In addition, the effect of the cell age on
proliferation and neocartilage formation was also in-
vestigated [55, 56].

In general, tissue-engineered cartilage has the his-
tological appearance and biochemical composition of
native cartilage. However, the mechanical strength of
engineered cartilage is quite low. It has been shown
that the aggregate modulus of tissue-engineered carti-
lage increases during the culture period, but the native
tissue is still much stronger. Much of the mechanical
properties of cartilage result from the interactions of
negatively charged glycosaminoglycans and water. It
is argued that without proper loading, chondrocytes
may not produce sufficient amounts of proteoglycans,
and the resulting cartilage lacks the impressive com-
pressive strength of normal cartilage. Current efforts

Fig. 16.2 Tissue-engineered
cartilage in specific shapes. Top
row Porous, nonwoven sheets of
polyglycolic acid, an FDA-ap-
proved biodegradable polymer
for biomedical applications. The
; polymer scaffolds were seeded
with freshly isolated bovine
articular chondrocytes and
implanted subcutaneously into
athymic mice. Bottom row Gross
examination of the excised speci-
mens 12 weeks after implanta-
tion revealed the presence of new
hyaline cartilage of approximate-
- : : ly the same dimensions as the
original construct. (Reprinted

with permission from [42])

are underway to develop bioreactors that improve the
structure, function, and molecular properties of tissue-
engineered cartilage [57, 58]. These efforts are likely to
improve the long-term stability of tissue-engineered
cartilage.

With the emergence of minimally invasive surgi-
cal techniques and improved diagnostic techniques,
congenital malformations may be treated earlier. Sev-
eral pilot studies in fetal tissue engineering have been
undertaken, and the results are promising [59, 60]. In
concert with these efforts, new scaffold materials are
developed that allow delivery through small incisions
and can fill irregularly shaped sites [61-63].

16.2.3 Bone

The treatment of bone defects remains a critical chal-
lenge in orthopedic surgery. Currently, bone grafts are
used to treat defects caused by trauma, pathological
degeneration, or congenital deformities. Bone grafting
has become a common procedure in orthopedic sur-
gery, and it is estimated that over 500,000 grafting pro-
cedures are performed each year in the United States
[64]. Allografts are widely available and provide the de-
fect site with structural stability. However, their use is
limited by immunogenic response to foreign tissue, in-
flammation, and potential risk of disease transmission.
Vascularized autografts show optimal skeletal incorpo-
ration and are currently considered the gold standard.
However, important drawbacks are donor site mor-
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bidity and limited availability of donor sites. To over-
come these problems, synthetic or natural biomaterials
have been developed to promote the migration, pro-
liferation, and differentiation of bone cells. Currently,
several bone replacement materials are commercially
available. These materials vary in composition and in-
clude ceramics, polymers, and natural materials such
as collagen and hydroxyapatite [65-67]. A common
drawback of these materials is the lack of mechanical
strength. Hence, their use is limited to bone void fill-
ing applications. Furthermore, their potential to repair
large bone defects is limited since they lack the osteo-
conductive and osteoinductive properties of bone au-
tografts. To date, there is no clinically available implant
that mimics the function of living bone.

Tissue engineering offers the potential to create liv-
ing bone in specific forms and shapes by combining
a resorbable scaffold and suitable cells, leading to im-
proved integration with the native bone and improved
function. To achieve this goal, a variety of cell sources
and scaffold materials have been assessed. Bovine peri-
osteum-derived cells and degradable PGA fiber con-
structs were successfully used to heal large segmental
bone defects in the femurs of athymic rats. Histological
evaluation revealed bone formation with islands of hy-
pertrophying chondrocytes indicative of endochondral
bone formation [68]. Phalanges and small joints were
created by selective placement of bovine periosteum,
chondrocytes, and tenocytes on biodegradable poly-

1. Distal Phalanx 3. DIP Joint

2. Middle Phalanx ﬁ I

=

B Wrapped with periosteum
Seeded with chondrocytes
Bl Sseeded with tenocytes

mer scaffolds and subsequent assembly into a compos-
ite tissue structure (Fig. 16.3). Following implantation
into athymic mice, mature articular cartilage and sub-
chondral bone with a tenocapsule that had a structure
similar to that of human phalanges and joints was ob-
served [69]. Bone formation in heterotropic sites was
also observed by injecting a mixture of fibrin glue and
cultured periosteal cells into the subcutaneous space
on the dorsum of athymic mice [70]. In a seminal clini-
cal report, an avulsed phalanx of a patient was replaced
with tissue-engineered bone. The procedure resulted in
functional restoration of a stable thumb, without the
pains usually associated with an autologous bone graft
harvest [71].

Advances in stem cell biology have shown that the
bone marrow contains regeneration-competent cells
that can differentiate into osteoblasts, chondrocytes, ad-
ipocytes, and myoblasts. These cells have been termed
marrow stromal cells and are commonly referred to as
mesenchymal stem cells (MSCs) [72-74]. Autologous
bone marrow can be obtained conveniently from the
iliac crest or sternum of a patient, using minimally in-
vasive techniques with less pain and lower risk of infec-
tion, hemorrhage, or nerve damage compared to bone
graft harvests. Various studies have investigated bone
formation from MSC-derived osteoblasts on biode-
gradable polymer foams [75-79]. Typically, mineral-
ization is observed within 2 weeks, but cell penetration
and bone formation is limited to the outer sections

Fig. 16.3 Tissue-engineered phalanges
and small joints. a Schematic represen-
tation. Fresh bovine periosteum was
wrapped around a copolymer of polyg-
lycolic and poly-L-lactic acid. Separate
sheets of polyglycolic acid polymer were
seeded with bovine chondrocytes and
tenocytes. The gross form of a composite
tissue structure was constituted in vitro by
assembling the parts and suturing them to
create models of a distal phalanx, a mid-
dle phalanx, and a distal interphalangeal
joint. The sutured composite tissues were
implanted into athymic mice. b After 20
weeks, formation of new tissue with the
shape and dimensions of human phalan-
ges with joints was observed. Histological
examination revealed mature articular
cartilage and subchondral bone with a
tenocapsule that had a structure similar to
that of human phalanges and joints. There
was continuous cell differentiation at the
ectopic site even after extended periods.
(Reprinted with permission from [69])
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of the scaffold. To address this problem and improve
cell engraftment and survival, several approaches are
currently being pursued. Scaffold fabrication tech-
niques to create scaffolds with improved and more
biomimetic architectures are being developed [80-83].
Mechanical stresses are important in determining the
architecture of bone, and bioreactors are under devel-
opment to provide the proper mechanical loading [84,
85]. An improved understanding of stem cell biology
and in combination with gene therapy offers exciting
potential to treat genetic disorders of skeletal tissues
(86, 87]. It is expected that research activities in these
areas will lead to the ultimate goal of bone tissue engi-
neering, namely the development of vascularized bone
grafts with clinically relevant dimensions.

16.2.4 Intestine

Digestive diseases affect more than 60 million Ameri-
cans each year and account for more than $100 million
in direct and indirect medical costs. Most digestive dis-
eases are very complex and have subtle symptoms. In
many cases, the cause(s) remain(s) unknown. Resec-
tion of the small intestine may be required, which can
lead to a state of malnutrition and malabsorption if the
functional gut mass is reduced below the minimum
amount required for digestion and absorption to sat-
isfy the nutrient and fluid requirements. This condition
is commonly referred to as short bowel syndrome [88].
The normal physiologic process of intestinal adaptation
after extensive resection usually allows for recovery of
sufficient intestinal function within weeks to months,
and during this time, patients can be sustained on total
parenteral nutrition. However, prolonged parenteral
nutrition can lead to complications such as hepatic
dysfunction, progressive nephric insufficiency, and
bone demineralization [89]. Surgical procedures such
as small intestine tapering and lengthening have been
undertaken to lengthen the bowel or increase intesti-
nal transit time, but none have found widespread clini-
cal application [90, 91]. Small intestinal transplanta-
tion is a promising surgical alternative, but the usual
concerns regarding immunosuppression, rejection and
limited donor supply remain [92].

Tissue engineering has been proposed as an alter-
native to allogeneic transplantation. In initial studies,
enterocytes were isolated from neonatal Lewis rats,
seeded on nonwoven PGA sheets, and formed into
tubular structures. These constructs were implanted
into the omentum or mesentery of syngeneic adult rats.
Stratified epithelium was observed after 2 weeks, but the
newly formed tissue had the histological appearance of
embryonic intestine rather than adult intestine [93, 94].
It was hypothesized that this approach was limited due

to the absence of epithelial-mesenchymal cell-cell in-
teractions that are indispensable for survival, morpho-
genesis, proliferation, and differentiation. To allow for
these interactions, the concept of epithelium organoid
units was developed. These epithelium organoid units
consist of a villus structure with overlying epithelium
and a core of mesenchymal stromal cells. Mixed popu-
lations of enterocytes and stromal cells were harvested
from the small intestine of neonatal Lewis rats, seeded
on nonwoven PGA sheets, and transplanted into syn-
geneic adult rats. The epithelium organoid units main-
tained their epithelial-mesenchymal interactions and
resulted in the formation of large cystic structures
[95]. The inner lumen was lined with a neomucosa
consisting of columnar epithelium containing goblet
and Paneth cells, indicative of organ morphogenesis,
cytodifferentiation, and phenotype maturation [96].
Subsequent studies showed that small bowel resection
provides significant regenerative stimuli for morpho-
genesis and differentiation of tissue-engineered small
intestine. Portacaval shunts were also stimulatory, but
to a lesser extent [97, 98]. Implantation of the organoid
unit/polymer constructs in highly vascularized beds
such as the omentum or mesentery emerged as a re-
liable approach to form cystic structures with a small
intestine-like morphology. The next step was to assess
whether anastomosis between the tissue-engineered
and native small intestine had an effect on cyst growth.
Three weeks after implantation in the omentum, the
tissue-engineered small intestine was anastomosed to
the native jejunum in a side-to-side fashion. There was
no evidence of stenosis or obstruction at the anasto-
mosis site. Following anastomosis, the cysts were lined
with a neomucosa that was continuous with the native
small intestine across the anastomotic site. A positive
effect of the anastomosis on the cyst size and the devel-
opment of the mucosa in the tissue-engineered intes-
tine were noted. Furthermore, crypt-villus structures
were observed [99, 100]. Subsequent investigations to
demonstrate the feasibility of end-to-end anastomoses
showed a moderately high patency rate and a positive
effect on the size of the neointestine and the develop-
ment of the neomucosa [101]. Further studies were
conducted to assess the effect of anastomosis alone or
in combination with small bowel resection on neoin-
testine organization [102]. A long-term investigation
showed that anastomosis between tissue-engineered
and native small intestine had a low complication rate
after the operation and resulted in a high patency rate
for up to 36 weeks. During this period, the neointes-
tine increased in size and was lined with a well-devel-
oped mucosa [103].

The concept of epithelium organoid units was also
applied to other organs of the gastrointestinal tract. A
tissue-engineered colon was assessed as an alternative
to an ileal pouch after a colectomy in a rat model. An
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end ileostomy alone was compared to an end ileos-
tomy combined with a side-to-side ileum-tissue-en-
gineered colon anastomosis. The tissue-engineered
colon resulted in higher transit times, with lower stool
moisture content and higher total serum bile acids
[104]. The effect of cell source, i.e., adult or neonatal
tissue, was also assessed. The architecture of the tis-
sue-engineered colon resembles that of native colon
(Fig. 16.4). Furthermore, it was found that the in vitro
function was consistent with that of mature colono-
cytes [105].

Fig. 16.4 a Gross morphology of tissue-engineered colon at
4 weeks after implantation in a rat model. Intestinal organoid
units, mesenchymal cell cores surrounded by a polarized epithe-
lia, were isolated from full-thickness sigmoid colon dissection,
seeded on a polymer scaffold and implanted into the omentum
of syngeneic hosts, resulting in cyst formation. The cysts were
subsequently anastomosed to either the small or large intestine
in a side-to-side fashion. b Immunohistochemical staining for
actin of native (a) and tissue-engineered (b) colon. Both stain
positively in the muscularis propria Original magnification x10.
(Reprinted with permission from [105])

The concept of a tissue-engineered stomach has also
been investigated as an alternative to currently used
reconstruction techniques after a total gastrectomy.
Tissue-engineered stomachs were created from stom-
ach organoid units isolated from neonatal and adult
donor rats and implanted in syngeneic adult rats. The
resulting cysts resembled native stomachs histologi-
cally [106]. Tissue-engineered stomachs were success-
fully used as replacement stomachs in a rat model by
resecting the native stomach and anastomosing the tis-
sue-engineered stomach between the native esophagus
and jejunum. An upper gastrointestinal study revealed
no evidence of bowel stenosis or obstruction at both
anastomosis sites. Histologically, the tissue-engineered
stomachs had well-developed, vascularized tissue with
a neomucosa continuously lining the lumen and strati-
fied smooth muscle layers [107].

Tissue engineering of the gastrointestinal tract has
been shown to be a versatile model for studying the
gastric physiology. Using this approach, important in-
sights into tissue development and potential therapy
can be gained. A recent study has characterized the mi-
crovasculature and angiogenic growth factor profile of
tissue-engineered intestine. While tissue-engineered
intestine has the histological appearance of native tis-
sue, the mechanism driving angiogenesis differs in tis-
sue-engineered intestine and in normal small intestine.
Delivery of angiogenic factors like vascular endothelial
growth factor (VEGF) and basic fibroblast growth fac-
tor (bFGF) is proposed as a remedy, and this may bring
tissue-engineered intestine closer to clinical applica-
tions [108].

16.2.5 Cardiovascular Tissue

Atherosclerotic vascular disease remains a leading
cause of mortality and morbidity in industrialized na-
tions. Autologous veins are the conduits of choice in the
surgical creation of bypasses of short- to medium-cali-
ber vessels in patients with peripheral occlusive arte-
rial disease. The success rate of bypasses using conduits
with diameters greater than 6 mm has been excellent,
whereas the majority of bypasses using smaller con-
duits typically fail within 5 years. Furthermore, suit-
able donor sites are limited. Allogeneic grafts carry the
risk of rejection and potential disease transmission,
though there is recent evidence that autologous cells
seeded on decellularized allogeneic vessels may pro-
vide a suitable alternative [109]. Artificial grafts face
similar drawbacks in that they work reasonably well
for large diameter grafts, but they have a high failure
rate in small diameter grafts. Furthermore, there is a
potential for infection and thrombosis. Reoperations
may also be required due to calcification [110].
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Due to these limitations, tissue engineering of blood
vessel substitutes has become an active area of research.
Early attempts focused on the creation of hybrid grafts
by attempting to line the lumen of artificial graft mate-
rials with endothelial cells [111]. Subsequently, many
different approaches have been taken, relying on both
synthetic and natural scaffolds. A multilayered blood
vessel was created in vitro by combining smooth mus-
cle cells in collagen gel, fibroblasts, and endothelial cells.
Although the histology resembled that of an artery, the
mechanical properties were not sufficient for the sys-
temic circulation [112]. A scaffold-free approach us-
ing human cultured cells resulted in increased burst
strength, but the patency rate was only 50% over 7 days
in an animal model [113]. A small-diameter, tissue-en-
gineered vessel was created from small intestinal sub-
mucosa and showed excellent hemostasis and patency
in a rabbit arterial bypass model. Within 3 months
after implantation, the grafts were remodeled into cel-
lularized vessels that exhibited physiological activity in
response to vasoactive agents [114]. Following the use
of natural scaffolds, the use of synthetic biodegradable
scaffold was assessed in a seminal study to create tis-
sue-engineered arteries. In addition, a pulsatile flow
bioreactor was used to create a more physiological en-
vironment and improve the mechanical strength of the
graft. The tissue-engineered graft had the histological
appearance of a native artery and was able to sustain
systemic pressures. The tissue-engineered arteries were
implanted in a pig model and remained patent for up
to 4 weeks [115].

Repair of congenital cardiac defects frequently re-
quire large diameter conduits. As stated earlier, artifi-
cial grafts are now routinely used. However, due to the
lack of growth potential, they are not suitable for pedi-
atric patients. Viable pulmonary arteries were created
by seeding cells derived from ovine artery and vein
segments onto synthetic biodegradable PGA/PLGA
scaffolds in tubular shape. These autologous constructs
were used to replace a 2-cm segment of the pulmonary
artery in lambs. All tissue-engineered grafts were pat-
ent and demonstrated a non-aneurysmal increase in
diameter, suggesting growth [116]. A similar method-
ology was applied to replace a 3- to 4-cm segment of
the abdominal aorta in lambs. Here, a new copolymer
of PGA and polyhydroxyalkanoate (PHA) was com-
bined with cells harvested from ovine carotid arteries.
All tissue-engineered grafts remained patent, and no
aneurysms had developed over a course of 3 months.
Histologically, elastic fibers were observed in the me-
dial layer, and endothelial cells lined the lumen. Fur-
thermore, the mechanical properties of the tissue-engi-
neered aorta approached those of the native vessel. In
addition to full segment replacements, patch augmen-
tation of vessels has also been investigated. Vascular
cells isolated from ovine peripheral veins were seeded

on a fast-absorbing biopolymer, poly-4-hydroxybu-
tyric acid (P4HB), and assessed for patch augmenta-
tion of the proximal pulmonary artery in a juvenile
sheep model. Postoperative echocardiography showed
no signs of dilatation or stenosis. Macroscopically, a
smooth internal surface with increasing tissue forma-
tion was observed [117]. Another study demonstrated
the successful replacement of the inferior vena cava in
a dog model. In this approach, mixed cells obtained
from the femoral veins of mongrel dogs were seeded
onto tube-shaped biodegradable polymer scaffolds
composed of a PGA nonwoven sheet and a polycap-
rolactone-polylactide copolymer (PCLA). No implants
showed evidence of dilatation or stenosis. In addition,
an endothelial lining was observed in all tissue-engi-
neered grafts [118].

An important milestone for tissue engineering was
achieved in May 2000, when an occluded pulmonary
artery was successfully replaced by a tissue-engineered
graft in a 4-year-old girl with a single ventricle and
pulmonary atresia that had previously undergone pul-
monary artery angioplasty and the Fontan procedure.
Following harvest of a short segment of peripheral vein,
cells were isolated, cultured in vitro and seeded on a
tubular PCLA scaffold. Ten days after seeding, the graft
was transplanted. Seven months after implantation, the
patient was doing well. Chest radiography revealed
no evidence of graft occlusion or aneurysmal changes
[119]. The same methodology was applied in a subse-
quent case to replace an occluded Dacron graft in the
extracardiac Fontan operation (ECFO) of a 12-year-old
boy. The reoperative ECFO with a tissue-engineered
graft was successful, and postoperative computed to-
mography done 4 months after the operation revealed
a patent graft [120]. Subsequently, aspirated bone mar-
row cells were used as the cell source and seeded on the
scaffold on the day of surgery. Using this method, suf-
ficient cells could be obtained on the day of the surgery
without requiring a culturing period. Furthermore, ex-
tra hospitalization for vein harvesting is not required.
This approach has been applied in 22 patients, and
good results were obtained after surgery [121]. The
contribution of bone marrow cells to the histogenesis
of autologous tissue-engineered vascular grafts was
also demonstrated [122]. In addition, a new technique
of extracardiac total cavopulmonary connection using
a tissue-engineered graft has been developed, and the
initial results are promising (Fig. 16.5) [123].

Tissue-engineered vascular grafts have shown prom-
ise in the aforementioned complicated cases. It is antic-
ipated that their indications will be increased for other
types of cases. While the initial clinical success is very
promising, there remain limitations of this method in
a clinical setting. First, these tissue-engineered grafts
are currently limited to the pulmonary circulation. Tis-
sue-engineered grafts cannot be used in the systemic
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Fig. 16.5 Angiograms of tissue-engineered grafts 6 months
after undergoing an extracardiac total cavopulmonary connec-
tion (TCPC) operation in Patient 2 (a), 4 months after TCPC
in Patient 3 (b), 1 month after TCPC in Patient 4 (c), and 8

circulation due to the higher pressures and flow ve-
locities. To achieve this goal, further development of
biodegradable scaffolds is required. Second, a tissue-
engineered graft cannot be used in an emergency op-
eration due to the prolonged in vitro period necessary
for cell engraftment on the scaffold. Third, a sufficient
cell number may not be available in all patients. In
such cases, additional cell sources from other parts of
the body must be assessed. Active research continues

months after TCPC in Patient 6 (d). Note the smooth surface
of the tissue-engineered graft and well-enhanced pulmonary

arteries. (Reprinted with permission from [123])

in this field to overcome these challenges. Efforts are
devoted to modifying the culture environment to en-
hance extracellular matrix synthesis and organization
using bioreactors under physiologic conditions and
biochemical supplements. Improved understanding
of the factors involved in cardiovascular development
and advances in gene therapy and stem cell biology are
also expected to contribute toward the goal of wide-
spread clinical applications.
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16.2.6 Liver

The field of liver regeneration and liver support remains
one of the most complex and unsolved medical prob-
lems. According to the American Liver Foundation, 25
million Americans suffer from liver and biliary dis-
eases. In 1993, liver disease became the seventh leading
cause of death in the United States, and each year, about
30,000 people die from end-stage liver failure. There
are currently few effective treatments for severe liver
diseases. In contrast to other end-stage organ failures,
liver transplantation is the only established success-
ful treatment for liver failure. Again, the discrepancy
between supply and demand of organs is staggering. It
is estimated that approximately 5,000 liver transplants
were performed in 2000. However, almost 1,700 pro-
spective recipients died in 2001 while waiting for a liver
for transplantation. At present, there are over 18,000
people waiting for a liver transplant [124].

In efforts to overcome the severe donor organ short-
age, several alternative therapies have been explored.
These include split liver cadaveric grafts, living donor
transplants, xenografts, and selected cell transplanta-
tions [125-130]. Several approaches have also been
developed for the transplantation of hepatocytes. Di-
rect injections of cell suspensions have been carried
out in a variety of locations such as the liver, spleen, or
pancreas [131-133]. In addition, approaches involving
encapsulations or microcarrier beads have also been
assessed [134, 135]. Transplanted hepatocytes were
able to maintain normal hepatocellular architecture
and demonstrated functional ability for a limited time.
However, it has been difficult to achieve a sufficient cell
mass to replace lost function.

The difficulty of liver regeneration stems in part
from the vast complexity of the tissue. The liver is
the largest internal organ and consists of several cell
types arranged in a highly complex architecture. It is
highly vascularized and performs a large number of
metabolic functions. Hepatocytes, the major liver cell
type, are anchorage-dependent cells and require an
insoluble extracellular matrix for survival, reorganiza-
tion, proliferation, and function. In addition, they are
highly metabolic cells and require close proximity to
nutrient and oxygen supply. To achieve a higher cell
number and structural support for hepatocytes, hepa-
tocyte transplantation combined with synthetic, highly
porous, biodegradable scaffolds was proposed. Initial
studies demonstrated the survival of transplanted he-
patocytes on porous, biodegradable polymer disks in
a peripheral site and in the small intestine mesentery
in rats [136, 137]. Transplanted hepatocytes expressed
liver-specific functions and survived for extended pe-
riods. However, a significant decrease in cell number
was noted after transplantation.

To improve cell viability, a new approach exploring
prevascularization was pursued. Empty scaffolds were
placed between the leaves of the mesentery or subcuta-
neous pockets to promote fibrovascular ingrowth prior
to cell injection. This led to improved cell engraftment
and survival, but a large number of cells were lost
within a week [138, 139]. Further improvement in cell
engraftment and growth was achieved by considering
the self-regulation of liver mass, i.e., transplanted liv-
ers will grow or atrophy to reach an appropriate size
for the recipient. It was conjectured that transplanted
hepatocytes were actively suppressed in the recipient
due to the presence of a healthy native liver. To assess
this conjecture, recipient animals underwent partial
hepatectomies or portacaval shunts, resulting in an
increased delivery of hepatotrophic factors to the sys-
temic circulation and reduced clearance by the native
liver. It was shown that hepatotrophic stimulation led
to a significant improvement in cell survival [140-143].
Using this approach, a mass of Wistar rat hepatocytes
equivalent to a whole liver was transplanted in Gunn
rats, which have a genetic deficiency of glucuronyl
transferase activity, showing unconjugated hyperbili-
rubinemia. Over a course of several weeks, a decrease
in serum bilirubin levels was observed [144, 145]. The
methodology of combined cell/polymer transplanta-
tion and surgical hepatotrophic stimulation has also
been extended to large animals [146-148]. Another
approach to overcome the insufficient engraftment
has been to improve vascularization by local delivery
of angiogenic factors. In one study, bFGF was incorpo-
rated into degradable scaffold, and increased angiogen-
esis and hepatocyte engraftment were observed [149].
A recent approach to overcome the critical limits of nu-
trient and oxygen diffusion has been the development
of polymer scaffolds that can be implanted directly into
the bloodstream [150]. Hepatocytes were dynamically
seeded onto these scaffolds and placed in a flow reactor.
The engrafted hepatocytes showed excellent survival
with a high rate of albumin synthesis [151, 152].

A novel approach is the creation of a scaffold with
an integrated vascular network to provide immediate
access to the blood supply after implantation. A ver-
satile scaffold fabrication method termed three-di-
mensional printing (3DP) offering unprecedented
control over the geometry and architecture including
controlled porosity and ingrowth channels was used
to create complex three-dimensional biodegradable
scaffolds [153]. Hepatocytes attached to the scaffold
and survived under dynamic culture conditions in
vitro. Albumin synthesis was demonstrated, and the
hepatocytes reorganized into histotypical structures
in the channels of the scaffold [154, 155]. The concept
of prevascularization to provide improved cell engraft-
ment and mass transfer of oxygen and nutrients was
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recently further refined through the adaptation of sili-
con microfabrication. This methodology is based on
semiconductor wafer process technology originally
developed for integrated circuits (IC) and microelec-
tromechanical systems (MEMS). Silicon microfabrica-
tion offers submicron-scale resolution over several or-
ders of magnitude from 0.1 mm to tens of centimeters
[156]. Since this range covers the relevant physiological
length scales from capillaries to large vessels, a concept
was developed to create a complete branching vascu-
lar circulation in two dimensions on silicon wafers and
subsequently build up three-dimensional structures by
stacking or rolling. In a first demonstration, hepato-
cytes and endothelial cells were cultured on silicon and
Pyrex wafers patterned with trenches reminiscent of a
vasculature. Hepatocyte sheets were lifted off, folded
into compact three-dimensional configurations, and
implanted into rat omenta. This resulted in the forma-
tion of vascularized hepatic tissue [157]. Subsequent
advanced have been the development of a computa-
tional model to create tissue-specific vascular networks
and the transfer of this methodology to biocompatible
polymers [158, 159]. Current research is in progress
to transfer the process methodology to biodegradable
polymers to arrive at the ultimate goal of thick, vascu-
larized tissue-engineered organs (Fig. 16.6).

16.3 Future Prospects

The field of tissue engineering has reached a critical
junction. The fundamental principles of tissue engi-
neering are based on cell transplantation, which has
been studied for more than 60 years. The concept of
tissue engineering is appealing and easily understood
by clinicians, scientists, investors, and the general
public. During the 1990s, tissue engineering received
highly favorable media attention. Tissue engineering
was hailed as one of the greatest scientific achieve-
ments of the twentieth century, and both scientific and
general media endorsed the field’s potential. In 2000,
Time magazine predicted that a career in tissue engi-
neering would become one of the “10 Hottest Jobs of
the Future” [160]. In 2002, Science magazine featured
a special issue on the bionic human and the develop-
ment of “off-the-shelf replacement parts for the hu-
man body” [161]. During the economic boom of the
1990s, there was significant capital inflow into tissue
engineering, and several tissue-engineering companies
were founded.

Twenty years later, the future seems to look less
promising. Although the concepts have been known
for 20 years, and serious research activity has been
conducted for 15 years, there are only a few clinical
applications of tissue engineering. An ambitious plan

to grow a fully functioning heart from a Petri dish of
human cells within 10 years was proposed by the LIFE
(Living Implants From Engineering) initiative, based
at the University of Toronto, and ultimately collapsed.
Furthermore, the financial performance of companies
with tissue-engineered products has been rather dis-
mal, and almost all tissue-engineering companies have
disappeared. The financial collapse of Advanced Tissue
Sciences and Organogenesis, two of the leading tis-
sue-engineering companies, is related to the economic
recession, but also indicates decreased investor con-
fidence. Currently, four products have received FDA
approval. Apligraf®, Dermagraft®, and OrCel® are liv-
ing-skin equivalents for the diabetic and venous ulcers
and burn patients, and Carticel® consists of autologous
chondrocytes for cartilage repair. In addition, ten tis-
sue-engineered products are engaged in clinical tri-
als, while another six products failed to meet efficacy
in phase III or were abandoned during phases I or II.
To assess the past performance and future of tissue en-
gineering, it is important to distinguish between the
scientific and finance-related aspects. A detailed dis-
cussion about the past performance and the economic
lessons is beyond the scope of this chapter, and the in-
terested reader is referred elsewhere [162].

Despite the failure of tissue engineering to grow
whole, complex organs in the laboratory, the field is
adapting and continuing to move forward. It has be-
come apparent that the task of growing a whole organ
is too complex, and a recent shift in focus toward in-
dividual components has occurred. One of the largest
efforts is the BEAT (BioEngineered Autologous Tissue)
initiative, based at the University of Washington and
supported by a $10 million, 5-year grant from the Na-
tional Institutes of Health (NIH) to create patches of
cardiac muscle to repair the damage caused by heart
attacks. Should this approach be successful, the next
goal is to create a ventricle. This approach could pos-
sibly lead to a complete tissue-engineered heart. Hence,
the concept of whole organs has not been completely
abandoned yet. To achieve this goal, an even more in-
tegrated and interdisciplinary approach combining the
life sciences, engineering and clinical medicine will be
required.

One of the key limitations to applying cell-based
therapies toward organ replacement has been the in-
herent difficulty to grow specific cell types in sufficient
quantities. Even organs like the liver that have high
regenerative capabilities in vivo, show reduced cell
growth and expansion in vitro. The arguably greatest
contribution for tissue engineering is from cell biol-
ogy. The completion of the Human Genome Project
is providing a wealth of information that is expected
to lead to a more complete understanding of cells and
cell behavior. Another critical contribution is the un-
derstanding of cell phenotype. The discovery of nuclear
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Photolithography

Fig. 16.6 a Vasculature of a human liver. Nature solves the
mass transport problem by providing a convective network of
blood vessels. The asterisks (*) denote the largest vessels, which
subsequently branch into 10 generations of smaller vessels.
(Reprinted with permission from Vonnahme FJ (1993). The
human liver: a scanning electron microscopic atlas. Karger,
Basel). b Silicon microfabrication offers enhanced resolution
to create a network of channels with a topology reminiscent of
a vasculature. The network design is created using a computa-
tional model that mimics blood flow and takes blood rheology
into account. Silicon wafers with etched channels are created
using standard microfabrication techniques. ¢ Schematic rep-
resentation of the microfabrication approach to create vascu-
larized tissue-engineered organs. (Reprinted with permission
from IEEE Spectrum Online, http://www.spectrum.ieee.org)
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Stepl Step 2 Step 3
Photolithography defines the blood A biodegradable polymer is spread over The polymer is peeled off
vessel pattern on a silicon wafer. the silicon wafer and allowed to set, the silicon,

Step 4

Multiple polymer layers from different
molds are joined to form the scaffold

for the engineered organ.
[4




146

V Bioengineering

transfer has shown that reprogramming nuclear DNA
to express many phenotypic programs is possible. It is
anticipated that this will lead to a better understand-
ing of differentiation pathways. Adult and embryonic
stem cells have also become the focus of attention due
to their inherent plasticity. Embryonic stem cells are
of particular interest because they can be expanded in
an undifferentiated state in vitro and subsequently in-
duced to form many different cell types. This is particu-
larly beneficial in applications where the source of cells
is limited or not available. Stem cell research and gene
therapy are still in the early stages, so their full biol-
ogy and therapeutic potential remain to be discovered.
Other areas of interest are wound healing and tissue
assembly. While cell biology has traditionally focused
on molecular events on a cellular level, efforts to move
to the next hierarchical level and understand how mol-
ecules and cells form tissues will directly contribute to
tissue engineering. Cancer research is another area that
is likely to affect tissue engineering because the forma-
tion of blood vessels is central to both fields [163].

Another active area of research is biomaterials and
scaffold development. Since the early days of using
debrided surgical sutures as a scaffold, materials syn-
thesis and processing have made significant advances.
New fabrication methods for creating three-dimen-
sional scaffolds with improved mechanical properties
and surface chemistries have emerged. Integration
with imaging and the development of patient-specific
scaffolds is also actively investigated [154]. New ma-
terials are being synthesized, e.g., biomimetic natural
and synthetic polymers, and osteoconductive ceramics
[164-166]. A detailed understanding of cell-material
interactions is also crucial. The ultimate goal is to cre-
ate scaffolds that encode specific instructions for con-
trolling tissue formation, analogous to signals during
embryological development. The biggest challenge is
the creation of three-dimensional structures that con-
tain more than several cell layers. To this end, several
approaches have emerged. The incorporation of growth
factors to induce angiogenesis is one strategy that is
showing promise [167, 168]. However, angiogenesis
takes 3 to 5 days, and this approach may be limited to
specific applications. Another approach is to abandon
the scaffold and stack individual cell layers. This versa-
tile approach has been applied to many different tissues
and has significant potential [169]. Advances in active
research areas such as nanotechnology, hydrogels, and
self-assembled materials are also expected to find ap-
plication in tissue engineering [170-172].

Despite the initial problems, tissue engineering has
a bright future. The overall goal of tissue engineer-
ing of developing tissue equivalents for the repair, re-
placement, maintenance, or augmentation of tissue
and organs is expected to have a significant impact on
health care. However, the impact of tissue engineering

is expected to be even more significant. In addition to
therapeutic tissue engineering as discussed here, diag-
nostic tissue engineering is emerging as an approach
to develop tissue equivalents for in vitro drug testing
and the development of improved therapeutic agents.
In particular, the development of human tissue equiva-
lents would alleviate some of the problems associated
with species-specific events. If the tissue is organized
in its native configuration rather than in a two-dimen-
sional Petri dish, such constructs are expected to be bet-
ter models for the search of therapeutic treatments and
improve the physiologic relevance of in vitro testing.

16.4 Relevance for the Practicing Surgeon

Although tissue engineering is far from being a widely
applied clinical treatment, the field has taken steps
closer toward clinical applications. With the recent
shift of research efforts beyond the United States to
Europe and Asia, the number of clinical studies has
increased significantly. In addition to the clinically
approved tissue-engineered skin and cartilage prod-
ucts, several promising clinical studies are currently
in progress. The replacement of a human phalanx by a
tissue-engineered construct showed good results, but
generated questions about the therapeutic value and
improvement compared with conventional treatments
[71]. This discussion indicates that tissue engineering
is not the solution to every medical problem requiring
tissue replacement. Tissue engineering must be seen
within the context of present-day medicine. Clinical
applications must be chosen carefully and compared
critically to existing treatment modalities. In addi-
tion to bone, urological tissue is in the early stages of
clinical application [173]. The perhaps most advanced
clinical trials are currently being conducted in Japan,
and the promising results are indicative of the clinical
potential of tissue engineering. The clinical success of
tissue engineering will require an interdisciplinary ap-
proach and depend critically on continued collabora-
tions between engineers, scientists, and clinicians.
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Chapter

Adapting to Future
Technologies

Richard M. Satava*

Advanced technologies disrupt the very way that surgery
will be performed in the future. There will also be a fun-
damental change in how medicine and scientific research
will be conducted, beyond the hallowed scientific method.
There will be many different new surgical approaches,
from non-invasive to biosurgery, with different robotic
and autonomous systems that will require new skills and
new training methods. Surgical education will become
criterion-based and life long, with continuous assessment.

17.1  Introduction

There has never been such an accelerated discovery of
new technologies as during the past century; even the
Renaissance pales in comparison. In addition, the dis-
semination of these technologies, facilitated by the de-
veloping transportation and communication systems,
has resulted in innovation becoming rapidly pervasive
on a global scale. This is a self-accelerating process:
As new concepts and ideas are quickly disseminated
throughout the world, researchers anywhere have im-
mediate access to the information that will rapidly drive
their research to the next discovery. Amid this whirl-
wind of activity, the surgeon is being asked to provide
careful and thoughtful clinical practice—to stay up to
date and bring the latest technology to bear, while en-
suring rigorous evaluation and resisting the temptation
to jump on the bandwagon of the latest new discovery.
This dichotomy will continue: rapid acceptance and ap-
plication versus prolonged stringent evaluation. The
following is an attempt to clarify the future trends so
the practicing surgeon can adapt to change, and navi-
gate between these two opposite poles.

17.2 The Scientific Method

Nothing is closer to the core of surgery than the prin-
ciples of the scientific method by which we discover,

17

evaluate, validate, and implement a new technology.
Until the turn of the 20th century, surgery was guided
by tradition. It was Nicholas Senn’s seminal article in
1908, which pointed out that rather than tradition, a
surgeon should rely upon experience [1]. No longer was
it acceptable to continue the practices of old simply be-
cause it had become the custom; rather, Senn declared
that surgeons should look at the experience and results
of previous treatments and be guided by logical judg-
ment in surgical practice. From this modest beginning,
surgery evolved into the scientific method as we know
it today: hypothesis, research, conclusion, and imple-
mentation. Laboratory research began to ascend and
along with it came clinical trials. Studies were carefully
designed and crafted, and then rigorously conducted
to gather the evidence necessary to prove or disprove
the hypothesis, and culminated in publication of the
scientific evidence, which resulted in the acceptance
by the surgical community at large. While this method
has brought clarity and understanding out of chaos,
the rigorous nature of the investigation has resulted in
an extremely long time from discovery to validation to
implementation. Often new technologies were invoked
before the evidence was confirmed, much to the det-
riment of the patients (laparoscopic cholecystectomy
with initial increased incidence of bile duct injuries,
or various chemotherapeutic agents with either unin-
tended side effects or lack of efficacy). The converse
was also true; prolonged evaluation resulted in many
patients not receiving life-saving therapy while await-
ing the results of trials, or new surgical procedures not
being implemented for decades until the completion of
trials (such as laparoscopic colectomy). While it is not
the intent to suggest that the current rigorous process is
neither valid nor necessary, there is a method that has
been implemented by the scientific community that has
not been considered by the medical profession, model-
ing and simulation. There is some early implementation
of simulation technologies being explored for rapid ra-
tional drug design and for understanding gene-based
therapies. Sophisticated computer programs are being
used to simulate the effects of literally millions of pos-
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views of the Department of the Army, Department of the Navy, the Advanced Research Projects Agency, or the Department of Defense.
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sible compounds, looking for the desired combinations
and possible mechanisms of action. These simulations
include the composition, structure, folding, bonding,
etc., iterated over thousands of potential combinations
to discover the most likely candidates for production
and study. Thus a nearly infinite number of potential
biochemical molecules are reduced to specific drugs or
genetic sequences that are targeted and used in clinical
trails. There is a primordial effort to take the next step,
to test these candidate therapies through simulation
on a “virtual cell” (in silico, or computational biology),
before implementing them in clinical trials on patients.
Following this example to its ultimate conclusion, it is
anticipated that it will be possible to simulate an entire
organ, or even a single patient or population of indi-
viduals, to test and evaluate drug or genetic therapy be-
fore implementing on patients. Perhaps all therapies—
drugs, procedures, energy-directed therapy—will be
simulated until validated before using on patients: in
essence, a virtual clinical trial on millions of computer-
simulated patients over 50 years completed in 1 week
of computation on a computer. This will be a “predic-
tive process of simulation”, the ultimate clinical trial.
Although it will take decades to improve the method-
ology, first principles already valid in engineering and
other scientific disciplines demonstrate the significance
of this methodology, especially in rapidly assessing a
new technology. The result is a new way of technology
application: discovery, laboratory investigation (scien-
tific method), predictive simulation, clinical trial. In
the near term, the use of the predictive simulation will
be able to dramatically reduce the length and number
of subjects required to demonstrate efficacy in clini-
cal trials (as extrapolated by the use of simulation in
industry). The ultimate goal is the removal of patients
from clinical trials, just as there is now a transition of
using simulation in surgical skills to decrease or elimi-
nate the need of animals in training and assessment of
surgeon competency.

With this new methodology the clinical surgeon
must adapt to the changing basis of providing evidence.
Clearly it is no longer acceptable to base treatment
upon tradition without supporting evidence (evidence-
based surgery). It will be prudent to watch the emerg-
ing evidence on the predictability of simulations, for
only with carefully designed computer programming
will the simulation actually match the predictability of
clinical trials. What the new simulation technology will
be able provide that clinical trials cannot is predictabil-
ity in compressed time: days instead of decades. Thus,
in reading manuscripts for the latest new technology,
it is critical to look at the evidence for validity. While
there are well-known statistical methods that are used
as the benchmarks for validation today, the practicing
surgeon may soon need to learn new benchmarks that
prove the validity of a simulated clinical trial.

17.3 Interdisciplinary Medicine

As indicated above, we are just beginning to under-
stand the extraordinary complexity of our world. Many
of the new advances in technology have been due to
the work of the interdisciplinary team, which has
much greater knowledge than does any single investi-
gator. Such a team could be composed of as few as two
scientific fields, such as engineering and computer sci-
ence for a new surgical instrument, or a large complex
organization of computational mathematicians, engi-
neers, biochemists, molecular biologists, statisticians,
and clinical practitioners, such as the team approach
for research in artificial organs. This also extends to
the operating room, where surgical procedures are at-
taining a complexity that requires a team approach of
anesthesiologist, surgeon, nurse, technician, etc., al-
though new research in robotics may soon integrate
the functions of the entire team into a single robotic
system of surgeon, assistant surgeon, scrub nurse, and
circulating nurse, all controlled by the surgeon at a
surgical console outside the operating room without
people. There may also be the sharing of responsibility
when performing a procedure; for example, in vascu-
lar stenting of carotid arteries, should it be the surgeon,
interventional radiologist, cardiologist, or a team com-
posed of all three?

The challenge will be to craft strong, interdisciplin-
ary teams. For the researcher it will be of colleagues
in other major fields of science, and for the clinician
it will be forging and training a smoothly functioning
interdisciplinary team in the operating room, clinic, or
office.

17.4  Multiaccess Surgery

Gone are the days of a surgical therapy with a single
surgical approach: open surgery. Today many diseases
may be treated by any number of procedures. For
example, esophageal tumors can be treated by open
surgical resection, minimally access (laparoscopic)
surgery, image-guided ablation (cryo-, thermal-, radio-
frequency), noninvasive destruction (transcutaneous
high-intensity focused ultrasound, or HIFU), endovas-
cular embolization, or by endoluminal (endoscopic)
ablation and/or stenting. A number of diseases are best
treated by dual or multiple modalities—combinations
of minimally invasive and hand-assisted, endoluminal,
laparoscopic, and so on. Such approaches, usually re-
served for complicated diseases, will also require a pre-
operative planning session, using three-dimensional
virtual reconstruction of the patient-specific anatomy
from CT, MRI, or other modalities. While the results
using such a preplanning process have unequivocally
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shown increase precision and decrease operative time
for liver [3], plastic, craniofacial [4], neurosurgery, and
other procedures, there is significant time devoted to
the preoperative planning and rehearsal process for
which there is currently no reimbursement. Eventually
such a process will become routine for most compli-
cated surgical cases; however, it is uncertain whether
all procedures will be either planned or rehearsed
ahead of time.

The busy practicing surgeon must strive to keep
abreast of the new competing technologies and be-
come trained and facile with as many approaches as is
reasonable. An awareness of this multiple access trend
must be monitored, for it may well impact, through
regulation, how surgical practice may be conducted.
It is conceivable that decades from now, surgeons will
be required to rehearse all surgical procedures on the
patient’s three-dimensional reconstructed anatomy be-
fore being allowed to operate on that patient.

17.5 Information Technologies
The ubiquitous access in a timely fashion to critical in-
formation is changing the daily practice of surgery on
very simple but many crucial levels. Knowledge about
a patient and all his or her tests was kept in the chart
at the bedside or in the memory of the surgeon. Today
that information resides on a central server, accessible
anytime and anywhere through computer stations in
the hospital, clinic, or office, or instantly at the bedside
or parking lot using personal digital assistants (PDAs)
or other communication devices. In addition, know-
ledge about a particular disease or the latest clinical
trial results were previously contained in journals in
the library or surgeon’s office; that information is also
available immediately through a computer or PDA.
Likewise, with new wireless sensors attached to pa-
tients, vital signs will be made available on the server
anytime from anywhere. The result is that the surgeon
knows a great deal about the practice of medicine and
their specific patients, in real time. The challenge will
be trying to sort out the most important information
and apply the decision making for the best outcomes.
Information systems are also becoming enterprises,
supporting the entire hospital system for the patient
and for efficient hospital management. There is a trend
to patient-centric medicine: focusing all the informa-
tion around a single patient’s record, rather than focus-
ing each functional piece of information (X-ray, labo-
ratory test, etc.) in different departments. In addition
a longitudinal record, from moment of entry into the
hospital system until beyond final discharge, the entire
patient encounter will be documented, tracked, billed,
and analyzed for outcomes: clinical, administrative

and financial. The University of Maryland has an in-
novative, integrated perioperative system, which tracks
the patient from admission to outpatient surgery until
discharge later that day, including the full surgical pro-
cedure [5]. Sophisticated vision recognition systems
combined with smart tags monitor the patient, operat-
ing team, and operating theater and, supported by in-
telligent software and inference engines, automatically
deduce and document the patient’s progress from pre-
operative to postoperative care. Tracking personnel re-
duces lost time, trying to bring the operating team to-
gether in a timely fashion, while electronically labeling
equipment and supplies permits just-in-time inventory
and supply chain management.

The amount of authority the surgeon will be able to
retain continues to diminish, especially in a time when
automated information systems can much more ef-
ficiently perform processes and report outcomes than
humans. As a busy clinical surgeon strives to spend
more time seeing more patients and performing more
surgical procedures, the administrative requirements
and bureaucratic burdens dramatically decrease efhi-
ciency. The surgeon must adapt, and the most efficient
way is to learn and harness the new technologies, rather
that abdicating authority to administrators or becom-
ing a slave to the technology.

17.6 Surgical Education and Certification

The paradigm shift in surgical education is from time-
based training (e.g., 5 years of surgical residency, and
then graduate with a subjective agreement by experts
of the surgeon’s basic training) to the new objective,
criterion-, or proficiency-based training. The earlier
model of mentoring (supplemented by knowledge ac-
quisition and testing: lectures followed by written tests)
resulted in a subjective assessment of performance, es-
pecially of technical procedural skills. The 1980s and
1990s saw the emergence of clinical problem-based
learning, standardized patients for the Objective Struc-
tured Clinical Exam (OSCE), and the Objective Struc-
tured Assessment of Technical Skills (OSATS) [6] and
McGill Inanimate System for Training and Evaluation
of Laparoscopic Skills (MISTELS) [7]. Along with the
recent validation studies on virtual reality surgical sim-
ulators such as the Minimally Invasive Surgical Train-
ing - Virtual Reality (MIST-VR) [8], a new benchmark
in surgical training has been set: objective assessment
based upon expert-derived criterion for proficiency.
This is the paradigm shift. Following the lead of the
Royal Colleges of Surgeons in establishing standard-
ized curriculum in basic skills in training and evalua-
tion, the American Council of Graduate Medical Edu-
cation and the American Board of Medical Specialties
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in the United States have added the dimension of an
increased rigor by defining the components of com-
petency to be achieved through such structured cur-
ricula with objective performance metrics. Although
still in transition, the training of a surgeon is on a
path of objectively documented acquisition of skills to
a predefined level of proficiency in formal laboratory
setting (rather than on patients), complimented with
continuous evaluation during training and throughout
the clinical career.

To the practicing surgeon, the phrase life-long learn-
ing takes on greater significance—no longer is it exclu-
sively a professional obligation internalized in every
surgeon when the Hippocratic Oath is taken; it is now
a regulation that will be continuously monitored and
evaluated. It is necessary to adapt to this new environ-
ment of mandatory training for any (new) procedures,
of continuous learning with assessment, and of audit-
ing surgical practice performance for acceptable out-
comes. Failure to adapt will result in loss of surgical
practice privileges.

17.7 Surgical Simulation

Surgical simulation deserves a separate emphasis be-
cause it has a larger role than only in surgical educa-
tion. Unquestionably, surgical simulation will continue
to grow, developing newer, more sophisticated skills
trainers that more closely approximate reality and that
address abilities beyond basic skills such as simulating
entire procedures. However, it must be kept in mind that
a simulator is simply a tool—albeit a powerful tool—to
supplement a total educational curriculum. It is es-
sential to incorporate the didactic teaching of anatomy,
steps of a procedure, and potential errors, along with
expected outcomes of skills training and embed these
into a curriculum that includes the simulator. Contin-
uous feedback while training (an automatic function of
any proper simulator) provides the methodology for a
goal-oriented, criterion-based curriculum that permits
the student to learn at his or her own pace, on his or
her own time, and with automatic mentoring. In ad-
dition, an over-arching curriculum must be developed
for each residency training year that describes all the
surgical procedures for which the resident must obtain
proficiency. No longer will it be acceptable to have ex-
posure only to those diseases and surgical procedures
that happen to occur when the resident is on a clini-
cal rotation; it will be necessary to agree upon a fun-
damental curriculum of all the important procedures
a resident must learn (and become proficient) and
provide simulations of all these possibilities (a digital
library of procedures) so every resident will perform
to criterion each important surgical procedure before

graduating—a very large challenge that will last de-
cades to achieve. This same methodology will become
the standard for experienced surgeons who wish to
adopt a new surgical procedure in their practice. No
longer will it be acceptable to take a weekend course
and return to operate on patients; rather, a longer pe-
riod of training to proficiency followed by a period of
mentoring and/or proctoring will be required.

Simulation is also being used for preoperative plan-
ning and then surgical rehearsal of complicated surgi-
cal procedures. Some of these difficult cases can be in-
cluded in the digital library to train future surgeons as
well. A unique opportunity arises with surgical robot-
ics: The same surgical console that is used to perform
an operation can be used to do preoperative planning,
surgical rehearsal of a specific patient, or for educa-
tion and training. The robotic system can keep track
of hand motions and continuously assess performance,
whether for the assessment of skills or documenta-
tion of proficiency, both during residency training and
throughout clinical practice career. Thus the surgical
robot has a role well beyond enhancement of surgical
performance; it can incorporate training and assess-
ment as an integral part of daily practice and life-long
learning.

Until surgical robotic systems become ubiquitous,
separate systems for training, assessment, planning,
and rehearsal will need to be used. The practicing clini-
cian should foster the use of robotics with inclusion of
simulation capabilities. As technology both advances
in sophistication and also incorporates the above sim-
ulation capabilities, surgeons should adapt by seizing
the opportunity to train on simulators as well as pre-
plan and rehearse their more difficult elective surgical
cases.

17.8 Artificial Organs and Transplantation

Tissue engineering is making substantial progress [9]
in growing synthetic organs, and transplantation is
becoming successful in using less toxic immunosup-
pression, xenotransplantation, or other techniques.
The result will be sufficient tissues and organs for trans-
plantation, whether by modifying current techniques
or through the use of various forms of tissue and ge-
netic engineering. Once the need for artificial organs to
substitute for organ failure has been satisfied, consider-
ation can be made to the use of artificial organs for vir-
tually any or every procedure. Today, surgeons practice
organ conservation; however, with an adequate supply
of artificial organs, surgeons may train to proficiency
in one operation per organ system: remove and replace
the entire organ in most every circumstance. There
will be no need for dozens of different procedures in
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the surgeon’s armamentarium, rather, one procedure
per organ. It may be conceivable that some day, rather
than repair organs, surgeons will simply remove and
replace any diseased organ, just as automobile parts are
no longer repaired, but simply replaced by a new and
better part.

17.9 Surgical Systems and Robotics

As indicated above, robotics provides a unique oppor-
tunity to integrate all the functions of a surgical proce-
dure (surgeon, assistant, nurse, etc.) into a single sys-
tem. The next generation of robotics will also include
entirely new capabilities: smart instruments, automatic
functions, energy-directed therapy and MEMS, nano-,
and biosurgery. Smart instruments are those that in-
clude sensors or diagnostic capabilities within the sur-
gical instrument. Instruments, such as graspers, will
have sensors that provide the sense of touch, at nor-
mal sensory levels as well as scaled to even microforce
levels—beyond the level a normal human hand can
feel. Other instruments, such as scalpels, will include
various diagnostic sensors (Raman spectroscopy, hy-
perspectral analysis) that will be able to distinguish
between healthy and malignant tissue [10]. In addi-
tion, instruments are becoming multifunctional and
capable of performing entire tasks. The most typical
example is the end-to-end anastomosis (EEA) stapler.
Rather than dividing the intestines and hand sewing
the two ends together, current practice is to divide the
bowel, attach the stapler, and with one squeeze of the
hand, perform a complete anastomoses, usually with a
higher level of precision than hand sewing. There are
other new tools becoming available, such as a num-
ber of methods for automatically creating a vascular
anastomosis [11]. Analysis of a surgical procedure can
be done by breaking down the entire procedure into
a series of sequential smaller tasks; it is reasonable to
expect that it would be possible to automate each of
the individual steps, eventually integrating all the steps
into a single autonomous procedure. Once the integra-
tion of a sequence of steps is achieved, it would only
be logical to simulate or rehearse the entire procedure
(on patient specific three-dimensional CT scan); this
procedure can also be edited (delete all the errors, like
editing a document on a word processor), and then
export the perfected procedure, step by step, to the
robotic system to perform the entire procedure auto-
matically—under the close supervision of the surgeon,
who could intervene at any time. This is the method-
ology used every day in the engineering community:
automating a process and supervisory control. Since
robotic systems currently available can perform tasks
at 12 to 15 times the speed, with 10 to 20 times the

precision of humans, it could be speculated that once
the surgeon has rehearsed and edited the procedure on
the virtual person, the robotic system could perform
the procedure in minutes instead of hours, with greater
precision. More speculative is the coupling of the hu-
man thought process to controlling robotic systems.
The brain-machine interface systems that are in today’s
laboratories permits monkeys to control a robotic arm
simply by thinking, albeit it at a very rudimentary level
[12, 13]. As this technology rapidly progresses, there
has been speculation that it will be possible to simply
think through a complex task such as surgery and have
the robotic systems perform to precision. While clearly
beyond any technology that will be implemented by the
current generation of surgeons, some lesser variation
of direct intellectual control of robotic systems may
emerge. This speculation is supported through analogy
to the implementation of clinical trials in quadriplegic
patients using an implanted brain chip to control ro-
botic manipulator motion.

To the practicing surgeon, this means that surgery
may place more and more emphasis on intellectual
and cognitive skills and less on manual skills. Craft-
ing a surgical procedure may become more important
than performing the procedure. As advanced technol-
ogy provides more precise automatic instruments (and
robotics) and better surgical planning tools, surgeons
must learn to master these new systems (rather than
ignore them) and learn how to best integrate them into
a busy clinical practice.

17.10 Unconventional Surgery

Most of the discussion has focused upon variations on
established surgical practices using instruments that
are a modification of current surgical tools. There are
a number of new technologies that are fundamentally
different. One class of technologies is the energy-di-
rected systems, which include some ablation technolo-
gies in use today, such as radiofrequency (RF), thermal
(cryo or heat), laser, as well as those used by radiolo-
gists such as X-ray, proton beam, etc. A significant dif-
ference between radiological and surgical use of energy
systems (X-ray, proton beam, etc.) is that radiologists
usually discharge X-rays over large areas to kill mas-
sive amounts of tissue, whereas the surgical energy
tools are used with precision (and usually hand held)
for very specific localized effect. There are other parts
of the electromagnetic spectrum that are being inves-
tigated as potential energy-directed surgical tools: mi-
crowave, millimeter wave, femtosecond lasers, HIFU
[14], photodynamic, and photoinduction therapy.
What all these have in common is that they replace the
conventional mechanical instruments of scalpel, clamp,
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and stapler with precisely directed energy. Although
some of these new technologies are handheld instru-
ments, the majority of these energy-directed tools are
(and will be) controlled with robotic systems to pro-
vide accuracy and safety.

A second class of unconventional surgical instru-
ment is the micro- and nanoscale systems (microsys-
tems are a thousand times smaller and nanosystems
are a million times smaller than are current instru-
ments). Like energy-directed systems and because of
their small size, micro- and nanoscaled systems must
be computer controlled. Some simple microsystems
are being used for ophthalmology, otolaryngology,
plastic, and neurological surgery, the most commonly
employed is LASIK surgery. The experimentation now
is on creating entire machines on a microscopic level:
for microscale there are the microelectromechanical
systems (MEMS), which are etched from silicon wafers,
and for nanoscale there are assemblies of molecules
into specific configurations to produce tiny machines
that can enter the blood stream and cells. At the time
of this writing, demonstration nanoengines have been
created but not designed specifically for any medical
application—in essence, proof of concept. How far
these systems will proceed to the vision of miniature
machines traveling through the body and blood stream
as depicted in Isaac Asimov’s The Fantastic Voyage [15]
is yet to be seen.

The impact of these unconventional new technolo-
gies is not predictable, because their use signals a com-
plete disruption in the practice of surgery. This change
is best characterized as follows. Current surgical tech-
nologies are used to resect, remove, replace, and re-
pair organs and tissues—structure and anatomy; the
unconventional technologies will be implemented at
the cellular and molecular levels—changing the basic
biology (and possibly DNA itself) without changing
the anatomy but inducing the repair at a biologic level.
Hence the term biosurgery has been applied to indicate
this fundamental change [16]. The challenges to prac-
ticing surgeons are even greater, since it will be neces-
sary to keep abreast of advances not only in the prac-
tice of surgery, but also for the basic sciences of biology,
engineering, and informatics, a monumental task.

17.11 Conclusion

The principle tenant of disruptive technologies is that
a revolutionary change challenges core knowledge and
practice, and requires the surgeon to reevaluate his or
her practice in order to adapt to the change, frequently
on less-than-complete information or proof. This past
century, and especially the past 20 years, has produced
repeated assault on many aspects of surgery: mini-

mally invasive approach, robotics, surgical simulation,
transplantation, and many more. No longer is change
being slowly and methodically introduced one change
at a time; rather, the surgeon is being buffeted from
many sides at once. Interdisciplinary knowledge is re-
quired to keep up with these changes, a quite impos-
sible task in lieu of the many other stresses to clinical
practice. The traditional approach to life-long learn-
ing through occasional continuing medical education
(CME) courses must be supplemented by self educa-
tion through journals, Web-based education, and other
information-based systems. Keeping abreast of the lat-
est surgical technologies, techniques, and procedures
will require more than a weekend course; it must in-
clude subsequent mentoring and proctoring until pro-
ficiency is obtained before incorporating the new tech-
nology into a surgeon’s clinical practice. And outcomes
must be documented to prove that the acquisition of
new skills and procedures has been done safely. Finally,
it is imperative for surgeons to carefully address the
moral and ethical implications of the new technolo-
gies, to ensure that not only can it be introduced safely,
but that the technology will not have unintended long-
term consequences. The burden upon surgeons has
never been so great.
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