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Notice

Medicine is an ever-changing science. As new research and clinical experience broaden
our knowledge, changes in treatment and drug therapy are required. The authors and the
publisher of this work have checked with sources believed to be reliable in their efforts
to provide information that is complete and generally in accord with the standards
accepted at the time of publication. However, in view of the possibility of human error
or changes in medical sciences, neither the authors nor the publisher nor any other party
who has been involved in the preparation or publication of this work warrants that the
information contained herein is in every respect accurate or complete, and they disclaim
all responsibility for any errors or omissions or for the results obtained from use of the
information contained in this work. Readers are encouraged to confirm the information
contained herein with other sources. For example and in particular, readers are advised
to check the product information sheet included in the package of each drug they plan to
administer to be certain that the information contained in this work is accurate and that
changes have not been made in the recommended dose or in the contraindications for
administration. This recommendation is of particular importance in connection with new
or infrequently used drugs.
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Stephen Lowry, MD, MBA (1947-2011)

Photograph used with permission johnemersonphotography.com

The tenth edition of Schwartz’s Principles of Surgery is
dedicated to the late Dr. Stephen Lowry, consummate
surgeon-scientist, educator, colleague, mentor, and long-
time contributor to Schwartz’s Principles of Surgery.
At the time of his death, Dr. Lowry served as Richard
Harvey Professor and Chair of the Department of Surgery
and Senior Associate Dean for Education at the Rutgers-
Robert Wood Johnson Medical School (RWIMS) in New
Brunswick, New Jersey. He was the inaugural holder
of the Richard Harvey Professorship at RWJIMS, which
honors excellence in innovative teaching and exemplified
his absolute dedication to medical education. Dr. Lowry’s
dedicated and distinguished surgical career produced
valuable contributions to both scientific knowledge and
patient care, including his seminal investigations utilizing
the human endotoxemia model that defined important
aspects of the host inflammatory response following injury.
His investigations had been supported by continuous
National Institute of Health (NIH) funding for more than
25 years and were recognized by the coveted Method to

Extend Research in Time (MERIT) award from the NIH.
He authored more than 400 scientific publications and
was the recipient of numerous honors that recognized his
academic achievements. Although Dr. Lowry received
many accolades and awards throughout his career, he
was first and foremost an enthusiastic teacher and sincere
supporter of people, their goals, and their lives. Dr.
Lowry genuinely enjoyed listening, learning, and sharing
his knowledge and did so with a depth of feeling that
inspired and encouraged those around him. As his wife
Susette wrote, “Steve knew he would be remembered for
his professional accomplishments, but never imagined
he would be honored and missed for his personality and
style that set him apart from the rest. The world really was
a better place with Steve in it!” The loss of his warmth,
professionalism, intellect, and enthusiasm for medical
education will be greatly missed.

Siobhan Corbett, MD, and the editors of
Schwartz’s Principles of Surgery, Tenth edition



Robert S. Dorian, MD, MBA (1954-2014)
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The Editors of Schwartz’s Principles of Surgery wish to
dedicate this tenth edition to the memory of Dr. Robert S.
Dorian, the sole author of the “Anesthesia” chapter in the
last three editions. Dr. Dorian was born in Philadelphia and
grew up in Livingston, New Jersey where his father was
a prominent gynecologist. He received his undergraduate
degree in Physics and Music from Tufts University in
Boston while at the same time studying piano at the New
England Conservatory of Music. Bob received his medical
education at Rutgers Medical School in Piscataway,
New Jersey. After completing an internship in surgery
at Downstate Medical Center in Brooklyn, he trained in
anesthesiology at Weill Cornell Medical College and New
York Hospital in New York City. He completed a fellowship
in pediatric anesthesiology at Boston Children’s Hospital
and Harvard Medical School. After his training, Bob
established practice at the St. Barnabas Medical Center
and rose to become the Chairman of the Department of
Anesthesiology, a position he held for 14 years until his
death. He was highly respected on both a national and
international basis as an outstanding chairman.

Bob was a consummate anesthesiologist, educator,
mentor, and wonderful friend. He was the greatest of clinical
anesthesiologists and was dedicated to providing the
highest level of care to his patients. He was an extraordinary
teacher and as the Program Director of the St. Barnabas
anesthesia residency program for ten years, he trained

scores of residents. His residents adored him because of the
tremendous amount of attention he gave to each resident
to assure they were highly trained in their craft and that
they were placed in the top fellowships around the nation.
Bob was also an incredibly gifted musician, scholar, and
thinker. His intellect, humanity, and humor were inspiring
to everyone who knew him. Bob was respected on an
international basis for his humanitarian work with frequent
medical missions to underserved populations around the
world. In this endeavor, he was often accompanied by his
wife, Linda, and their daughters, Rose and Zoe.

Dr. Dorian had a most special gift and that was to
bring out the best in every person that he met and make
them feel very special. He lit up every room and made each
encounter an occasion to remember. Having a conversation
with Bob was one of life’s great pleasures. Colleagues,
nurses, and patients would look forward to his arrival
because he would make them laugh and brighten their
day. He was loved by all and will be sorely missed. Bob’s
memory and legacy will live on in the thousands of patients
that he cared for, in the academic programs that he fostered,
in the generations of anesthesiologists that he trained, and
in his remarkable family. His words and intellect will be
preserved in this textbook of surgery.

James R. Macho, MD, FACS, and the editors of
Schwartz’s Principles of Surgery, Tenth edition
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Foreword

The adjective “tenth” connotes a milestone, and, in the
case of a “tenth edition” of a textbook, it is evidence of
readership acceptability. This continued reader response
would evoke parental pride from those who generated the
original publication more than 45 years ago. I can still
vividly recall the meeting in New York City at which John
DeCarville, an editor at McGraw-Hill, brought together
David M. Hume, Richard C. Lillehei, G. Thomas Shires,
Edward H. Storer, Frank C. Spencer, and me to create a
new surgical textbook. The new surgical publication was
to serve as a companion to Harrison’s recently introduced
medical textbook. The favorable reception of the first
edition was most encouraging. The consistency of style and
the deliberate inclusion of 52 chapters to allow for review
of one chapter a week throughout the year were particularly
appealing. Subsequent to the initial publication and
following the tragic and premature deaths of Dr. Lillehei,
Dr. Hume, and Dr. Storer, Dr. Shires, Dr. Spencer, and I
were privileged to shepherd six additional editions over
the ensuing 35 years. Under the direction of Dr. F. Charles
Brunicardi and his associate editors, a new vitality was
infused over the three most recent editions.

The ten editions, as they are considered in sequence,
serve as a chronicle of the dramatic evolution that has
occurred in surgery over the past half century. Those, who
have been charged with providing current information
to the readership, have had to filter and incorporate
extraordinary and unanticipated scientific breakthroughs
and technical innovations. At the time of the genesis of
the first edition, success had not been achieved in cardiac,
hepatic, or intestinal transplantation. Adjuvant therapy
for a broad variety of malignancies was in its infancy.
Minimally invasive surgery would not become a reality
for two decades. On the other side of the spectrum,
operative procedures that occupied the focus of symposia
have slipped into obscurity. Vagotomy for peptic ulcer has
become a rarity, as a consequence of an appreciation of

the role of Helicobacter pylori and the efficacy of proton
pump inhibitors. Surgical procedures to decompress portal
hypertension in the treatment of bleeding esophagogastric
varices have essentially disappeared from the operating
room schedule. They have been replaced by transjugular
intrahepatic portosystemic shunt (TIPS) and the liberal
application of hepatic transplantation.

As Bob Dylan pointed out, “The Times They Are
A-changin” And they most assuredly will continue
to change, and at an unanticipated rate. The scientific
basis for the practice of surgery is increasing at an ever
accelerating pace, and the technologic improvements and
breakthroughs are equally extraordinary. The dissemination
of the expansion of knowledge has resulted in a shrinking
of the globe, necessitating an extension or adaptation of the
more modern approaches to underdeveloped nations and
underprivileged populations. Global medicine has become
a modern concern. The importance of internationalism is
manifest in the clinical trials and data acquisition provided
by our surgical colleagues on the other sides of the oceans
that surround us. It is therefore appropriate that a more
international flavor has been developed for Principles of
Surgery related both to citations and contributors. A distinct
consideration of global medicine and, also, the qualities of
leadership in surgery that must be nurtured are evidence
of the editorial credo of “maintaining modernization” and
“anticipating the future.”

As the editors and contributors continue to provide the
most up-to-date information with a clarity that facilitates
learning, it is the hope that the seed, which was planted
almost a half century ago, will continue to flourish and
maintain the approval of its audience.

Seymour I. Schwartz, MD, FACS

Distinguished Alumni Professor of Surgery
University of Rochester School of Medicine and
Dentistry
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Preface

Each new edition of this book is approached by the
editorial team with a dual vision keeping a dedicated eye
affixed to the foundations of surgery while bringing into
sharper focus on new and emerging elements. We are
entering into a spectacular era of surgery in which the
highest quality of care is merging with minimally invasive
surgery, robotic surgery, the use of supercomputers, and
personalized genomic surgery, all designed to improve
the outcomes and quality of life for our patients. With
these advances in mind, several new chapters have been
added and all previous chapters have been updated with
an emphasis on evidence-based, state-of-the-art surgical
care. While this tried-and-true method remains the basis
for upholding and maintaining the superb efforts and
achievements of Dr. Seymour Schwartz and previous co-
editors and contributors, this edition expands its vision to
see beyond the operating theater and takes a look at the
making of a surgeon as a whole, with the addition of the
chapter, Fundamental Principles of Leadership Training in
Surgery. Surely excellence in craft must be mastered and
equal importance must also be given to the nontechnical
training of what it means to be a leader of a surgical team.

To this effort, the editors were keen to include as
the first chapter in this edition a comprehensive review of
leadership methods and ideologies as well as underscoring
the importance of instituting a formal leadership-training
program for residents that emphasizes mentoring. Our own
paths as surgeons have been defined by the mentoring

relationship and we have undoubtedly benefitted greatly
from the efforts of our mentors; we sincerely hope that
those with whom we have entered into this time-honored
tradition have reaped the benefit as well. Simply stated,
leadership skills can and should be taught to surgical
trainees and in doing so this will help them improve quality
of care.

The editors are thankful that this text is a relied-
on source for training and crafting surgeons on a global
basis. This is due in large part to the extraordinary efforts
of our contributors, the leaders in their fields, who not
only do so to train up-and-coming surgeons, but to impart
their knowledge and expertise to the benefit of patients
worldwide. The recent inclusion of many international
authors to the chapters within is ultimately a testament to
mentorship, albeit on a broader scale, and we thank them
all, both near and far.

To our fellow editorial board members who have
tirelessly devoted their time and knowledge to the integrity
and excellence of their craft and this textbook, we extend
our gratitude and thanks. We are to thankful to Brian
Belval, Christie Naglieri, and all at McGraw-Hill for the
continued belief in and support of this textbook. We wish to
thank Katie Elsbury for her dedication to the organization
and editing of this textbook. Last, we would like to thank
our families who are the most important contributors of all.

F. Charles Brunicardi, MD, FACS
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Preface to the First Edition

The raison d’étre for a new textbook in a discipline which
has been served by standard works for many years was
the Editorial Board’s initial conviction that a distinct need
for a modern approach in the dissemination of surgical
knowledge existed. As incoming chapters were reviewed,
both the need and satisfaction became increasingly apparent
and, at the completion, we felt a sense of excitement at
having the opportunity to contribute to the education of
modern and future students concerned with the care of
surgical patients.

The recent explosion of factual knowledge has
emphasized the need for a presentation which would
provide the student an opportunity to assimilate pertinent
factsin alogical fashion. This would then permit correlation,
synthesis of concepts, and eventual extrapolation to specific
situations. The physiologic bases for diseases are therefore
emphasized and the manifestations and diagnostic studies
are considered as a reflection of pathophysiology. Therapy
then becomes logical in this schema and the necessity
to regurgitate facts is minimized. In appreciation of the
impact which Harrison’s Principles of Internal Medicine
has had, the clinical manifestations of the disease processes
are considered in detail for each area. Since the operative
procedure represents the one element in the therapeutic
armamentarium unique to the surgeon, the indications,
important technical considerations, and complications
receive appropriate emphasis. While we appreciate that a
textbook cannot hope to incorporate an atlas of surgical

procedures, we have provided the student a single book
which will satisfy the sequential demands in the care and
considerations of surgical patients.

The ultimate goal of the Editorial Board has been to
collate a book which is deserving of the adjective “modern.”
We have therefore selected as authors dynamic and active
contributors to their particular fields. The au courant
concept is hopefully apparent throughout the entire work
and is exemplified by appropriate emphasis on diseases of
modern surgical interest, such as trauma, transplantation,
and the recently appreciated importance of rehabilitation.
Cardiovascular surgery is presented in keeping with the
exponential strides recently achieved.

There are two major subdivisions to the text. In the
first twelve chapters, subjects that transcend several organ
systems are presented. The second portion of the book
represents a consideration of specific organ systems and
surgical specialties.

Throughout the text, the authors have addressed
themselves to a sophisticated audience, regarding the
medical student as a graduate student, incorporating
material generally sought after by the surgeon in training
and presenting information appropriate for the continuing
education of the practicing surgeon. The need for a
text such as we have envisioned is great and the goal
admittedly high. It is our hope that this effort fulfills the
expressed demands.

Seymour I. Schwartz, MD, FACS
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Fundamental Principles of
Leadership Training in Surgery

Vision / 3
Willingness / 4

Time Management / 7

INTRODUCTION

The field of surgery has evolved greatly from its roots, and
surgical practice now requires the mastery of modern leader-
ship principles and skills as much as the acquisition of medical
knowledge and surgical technique. Historically, surgeons took
sole responsibility for their patients and directed proceedings in
the operating room with absolute authority, using a command-
and-control style of leadership. Modern surgical practice has
now evolved from single provider—based care toward a team-
based approach, which requires collaborative leadership skills.
Surgical care benefits from the collaboration of surgeons, anes-
thesiologists, internists, radiologists, pathologists, radiation
oncologists, nurses, pharmacists, social workers, therapists, hos-
pital staff, and administrators. Occupying a central role on the
healthcare team, surgeons' have the potential to improve patient
outcomes, reduce medical errors, and improve patient satisfac-
tion through their leadership of the multidisciplinary team.
1» Thus, in the landscape of modern healthcare systems, it is

imperative that surgical training programs include formal
instruction on leadership principles and skills to cultivate their
trainees’ leadership capabilities.

Many medical and surgical communities, including resi-
dency training programs, acknowledge the need for improved
physician leadership.? Surgical trainees identify leadership skills
as important, but report themselves as “not competent” or “min-
imally competent” in this regard.?* While a small number of
surgical training programs have implemented formal curriculum
focused on teaching leadership principles, it is now imperative
that all surgical training programs teach these important skills to
their trainees.** Interviews of academic chairpersons identified
several critical leadership success factors,® including mastery
of visioning, communication, change management, emotional
intelligence, team building, business skills, personnel manage-
ment, and systems thinking. These chairpersons stated that the
ability of emotional intelligence was “fundamental to their suc-
cess and its absence the cause of their failures,” regardless of
medical knowledge.® Thus, training programs need to include
leadership training to prepare trainees for success in modern
healthcare delivery.

In the United States, the Accreditation Council for
Graduate Medical Education (ACGME) has established six

Mentoring / 10

core competencies—patient care, medical knowledge, practice-
based learning and improvement, interpersonal and communi-
cation skills, professionalism, and systems-based practice
(Table 1-1)*—that each contain principles of leadership. The
ACGME has mandated the teaching of these core competencies
but has not established a formal guide on how to teach the lead-
ership skills described within the core competencies. Therefore,
this chapter offers a review of fundamental principles of leader-
ship and an introduction of the concept of a leadership training
program for surgical trainees.

DEFINITIONS OF LEADERSHIP

Many different definitions of leadership have been described.
Former First Lady Rosalynn Carter once observed that, “A leader
takes people where they want to go. A great leader takes people
where they don’t necessarily want to go, but where they ought to
be.” Leadership does not always have to come from a position
of authority. Former American president John Quincy Adams
stated, “If your actions inspire others to dream more, learn more,
do more, and become more, you are a leader.” Another definition
is that leadership is the process of using social influence to enlist
the aid and support of others in a common task.’

FUNDAMENTAL PRINCIPLES OF LEADERSHIP

Clearly, leadership is a complex concept. Surgeons should strive
to adopt leadership qualities that provide the best outcomes for
their patients, based on the following fundamental principles.

Vision
The first and most fundamental principle of leadership is to estab-
lish a vision that people can live up to, thus providing direction
and purpose to the constituency. Creating a vision is a declaration
of the near future that inspires and conjures motivation.® A
2 classic example of a powerful vision that held effective
impact is President Kennedy’s declaration in 1961 that *. . . this
nation should commit itself to achieving the goal, before this
decade is out, of landing a man on the moon and returning him
safely to the earth.” Following his declaration of this vision with
a timeline to achieve it, the United Sates mounted a remarkable
unified effort, and by the end of the decade, Neil Armstrong



Key Points

1> Effective surgical leadership improves patient care.

2» A fundamental principle of leadership is to provide a vision
that people can live up to, thereby providing direction and pur-
pose to the constituency.

3» Surgical leaders have the willingness to lead through an active
and passionate commitment to the vision.

4» Surgical leaders have the willingness to commit to lifelong
learning.

5» Surgical leaders have the willingness to communicate
effectively and resolve conflict.

~

6> Surgical leaders must practice effective time management.

7> Different leadership styles are tools to use based on the
team dynamic.

8» Surgical trainees can be taught leadership principles in
formal leadership training programs to enhance their abil-
ity to lead.

9 Mentorship provides wisdom, guidance, and insight essen-
tial for the successful development of a surgical leader.
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took his famous walk and the vision had been accomplished
(Fig. 1-1).

On a daily basis, surgeons are driven by a powerful
vision: the vision that our surgical care will improve patients’
lives. The great surgical pioneers, such as Hunter, Lister (Fig.
1-2), Halsted, von Langenbeck, Billroth, Kocher (Fig. 1-3),
Carrel, Gibbon, Blalock, Wangensteen, Moore, Rhoads, Hug-
gins, Murray, Kountz, Longmire, Starzl, and DeBakey (Fig.
1-4), each possessed visions that revolutionized the field of
surgery. In the nineteenth century, Joseph Lister changed the
practice of surgery with his application of Pasteur’s germ
theory. He set a young boy’s open compound leg fracture, a
condition with a 90% mortality rate at that time, using carbolic
acid dressings and aseptic surgical technique. The boy recov-
ered, and Lister gathered nine more patients. His famous pub-
lication on the use of aseptic technique introduced the modern
era of sterile technique. Emil Theodor Kocher was the first to
master the thyroidectomy, thought to be an impossible opera-
tion at the time, and went on to perform thousands of thyroid-
ectomies with a mortality of less than 1%. He was awarded the
Nobel Prize in Physiology or Medicine in 1909 for describ-
ing the thyroid’s physiologic role in metabolism. Michael E.
DeBakey’s powerful vision led to the development of numer-
ous groundbreaking procedures that helped pioneer the field of
cardiovascular surgery. For example, envisioning an artificial

artery for arterial bypass operations, Dr. DeBakey invented the
Dacron graft, which has helped millions of patients suffering
from vascular disease and enabled the development of endo-
vascular surgery. Dr. Frederick Banting, the youngest recipient
of the Nobel Prize in Physiology or Medicine, had a vision to
discover the biochemical link between diabetes and glucose
homeostasis. His vision and perseverance led to the discovery
of insulin.’ In retrospect, the power and clarity of their visions
were remarkable, and their willingness and dedication were
inspiring. By studying their careers and accomplishments,
surgical trainees can appreciate the potential impact of a well-
developed vision.

Leaders must learn to develop visions to provide direction
for their team. The vision can be as straightforward as providing
quality of care or as lofty as defining a new field of surgery. One
can start developing their vision by brainstorming the answers
to two simple questions: “Which disease needs to be cured?”
and “How can it be cured?”!’ The answers represent a vision
and should be recorded succinctly in a laboratory notebook or
journal. Committing pen to paper enables the surgical trainee to
define their vision in a manner that can be shared with others.

Willingness
The Willingness Principle represents the active commitment of
the leader toward their vision. A surgical leader must be willing

Accreditation Council for Graduate Medical Education core competencies

CORE COMPETENCY DESCRIPTION

Patient care

To be able to provide compassionate and effective healthcare in the modern-day healthcare environment

Medical knowledge

To effectively apply current medical knowledge in patient care and to be able to use medical tools (i.e.,
PubMed) to stay current in medical education

Practice-based learning

and improvement practices

To critically assimilate and evaluate information in a systematic manner to improve patient care

Interpersonal and
communication skills

To demonstrate sufficient communication skills that allow for efficient information exchange in
physician-patient interactions and as a member of a healthcare team

Professionalism

To demonstrate the principles of ethical behavior (i.e., informed consent, patient confidentiality) and
integrity that promote the highest level of medical care

Systems-based practice

To acknowledge and understand that each individual practice is part of a larger healthcare delivery
system and to be able to use the system to support patient care




Figure 1-1. Apollo 11 Lunar Module moon walk. Astronaut Edwin
“Buzz” Aldrin walks by the footpad of the Apollo 11 Lunar Mod-
ule, July 1969. (Reproduced with permission from AP Photo/NASA.
© 2014 The Associated Press.)

to lead, commit to lifelong learning, communicate effectively,
and resolve conflict.

To Lead. A key characteristic of all great leaders is the will-
ingness to serve as the leader. Dr. Martin Luther King, Jr.,
who championed the civil rights movement with a power-
ful vision of equality for all based on a commitment to non-
violent methods,'" did so at a time when his vocalization of
this vision ensured harassment, imprisonment, and threats of
violence against himself, his colleagues, and his family and
friends (Fig. 1-5). King, a young, highly educated pastor, had
the security of employment and family, yet was willing to
accept enormous responsibility and personal risk and did so
in order to lead a nation toward his vision of civil rights, for
which he was awarded the Nobel Peace Prize in 1964. Steve
Jobs, co-founder of Apple Inc., chose to remain in his posi-
tion as chief executive officer (CEO) to pursue his vision of
perfecting the personal computer at great personal expense. He
described this experience as “. . . rough, really rough, the worst
time in my life . . . . I would go to work at 7 a.m. and I"d get back
at 9 at night, and the kids would be in bed. And I couldn’t
speak, I literally couldn’t, I was so exhausted . . . . It got close

Figure 1-2. Joseph Lister directing use of carbolic acid spray in
one of his earliest antiseptic surgical operations, circa 1865. (Copy-
right Bettmann/Corbis/AP Images.)
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Figure 1-3. Emil Theodor Kocher. (Courtesy of the National
Library of Medicine.)

to killing me.”"> Both individuals demonstrated a remarkable

tenacity and devotion to their vision.

Willingness to lead is a necessity in any individual who
desires to become a surgeon. By entering into the surgical the-
ater, a surgeon accepts the responsibility to care for and oper-
ate on patients despite the risks and burdens involved. They do
so0, believing fully in the improved quality of life that can be
achieved. Surgeons must embrace the responsibility of lead-
ing surgical teams that care for their patients, as well as lead-
ing surgical trainees to become future surgeons. A tremendous
sacrifice is required for the opportunity to learn patient care.
Surgical trainees accept the hardships of residency with its

Figure 1-4. Michael E. DeBakey. (Reproduced with permission
from AP Photo/David J. Phillip. © 2014 The Associated Press.)
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Figure 1-5. Dr. Martin Luther King, Jr. acknowledges the crowd at
the Lincoln Memorial for his “I Have a Dream” speech during the
March on Washington, D.C., August 28, 1963. (Reproduced with
permission from AP Photo. © 2014 The Associated Press.)

accompanying steep learning curve, anxiety, long work hours,
and time spent away from family and friends. The active, pas-
sionate commitment to excellent patient care reflects a natural
willingness to lead based on altruism and a sense of duty toward
those receiving care. Thus, to ensure delivery of the utmost level
of care, surgical trainees should commit to developing and refin-
3 ing leadership skills. These skills include a commitment

to lifelong learning, effective communication, and conflict
resolution.

To Learn. Surgeons and surgical trainees, as leaders, must
possess willingness to commit to continuous learning. Modern
surgery is an ever-changing field with dynamic and evolving
healthcare systems and constant scientific discovery and inno-
vation. Basic and translational science relating to surgical care
is growing at an exponential rate. The sequencing of the human
genome and the enormous advances in molecular biology and
signaling pathways are leading to the transformation of per-
sonalized medicine and surgery in the twenty-first century (see
Chap. 15)." Performing prophylactic mastectomies with imme-
diate reconstruction for BRCAI mutations and thyroidectomies
with thyroid hormone replacement for RET proto-oncogene muta-
tions are two of many examples of genomic information guid-
ing surgical care. Technologic advances in minimally invasive
surgery and robotic surgery as well as electronic records and
other information technologies are revolutionizing the craft of
surgery. The expansion of minimally invasive and endovascular
surgery over the past three decades required surgeons to retrain

in new techniques using new skills and equipment. In this short
time span, laparoscopy and endovascular operations are now
recognized as the standard of care for many surgical diseases,
resulting in shorter hospital stay, quicker recovery, and a kinder
and gentler manner of practicing surgery. Remarkably, during
the last century, the field of surgery has progressed at an expo-
nential pace and will continue to do so with the advent of using
genomic analyses to guide personalized surgery, which will
transform the field of surgery this century. Therefore, surgical
leadership training should emphasize and facilitate the continual
pursuit of knowledge.

Fortunately, surgical organizations and societies pro-
vide surgeons and surgical trainees a means to acquire new
knowledge on a continuous basis. There are numerous local,
regional, national, and international meetings of surgical orga-
nizations that provide ongoing continuing medical education
credits, also required for the renewal of most medical licenses.
The American Board of Surgery requires all surgeons to com-
plete meaningful continuing medical education to maintain
certification.'* These societies and regulatory bodies enable
surgeons and surgical trainees to commit to continual learning,

and ensure their competence in a dynamic and rapidly
4’ growing field.

Surgeons and trainees now benefit from the rapid expan-
sion of web-based education as well as mobile handheld tech-
nology. These are powerful tools to minimize nonproductive
time in the hospital and make learning and reinforcement of
medical knowledge accessible. Currently web-based resources
provide quick access to a vast collection of surgical texts, lit-
erature, and surgical videos. Surgeons and trainees dedicated
to continual learning should be well versed in the utilization
of these information technologies to maximize their education.
The next evolution of electronic surgical educational materials
will likely include simulation training similar to laparoscopic
and Da Vinci device training modules. The ACGME, acknowl-
edging the importance of lifelong learning skills and moderniza-
tion of information delivery and access methods, has included
them as program requirements for residency accreditation.

To Communicate Effectively. The complexity of modern
healthcare delivery systems requires a higher level and col-
laborative style of communication. Effective communication
directly impacts patient care. In 2000, the U.S. Institute of
Medicine published a work titled, To Err Is Human: Building
a Safer Health System, which raised awareness concerning the
magnitude of medical errors. This work showcased medical
errors as the eighth leading cause of death in the United States
with an estimated 100,000 deaths annually.!> Subsequent stud-
ies examining medical errors have identified communication
errors as one of the most common causes of medical error.'®!”
In fact, the Joint Commission identifies miscommunication as
the leading cause of sentinel events. Information transfer and
communication errors cause delays in patient care, waste sur-
geon and staff time, and cause serious adverse patient events.'
Effective communication between surgeons, nurses, ancillary
staff, and patients is not only a crucial element to improved
patient outcomes, but it also leads to less medical litigation.'*-?!

A strong correlation exists between communication and
5» patient outcomes.

Establishing a collaborative atmosphere is important since
communication errors leading to medical mishaps are not sim-
ply failures to transmit information. Communication errors “are
far more complex and relate to hierarchical differences, concerns



with upward influence, conflicting roles and role ambiguity, and
interpersonal power and conflict.”'*? Errors frequently origi-
nate from perceived limited channels of communication and
hostile, critical environments. To overcome these barriers, sur-
geons and surgical trainees should learn to communicate in an
open, universally understood manner and remain receptive to
any team member’s concerns. A survey of physicians, nurses,
and ancillary staff identified effective communication as a key
element of a successful leader.” As leaders, surgeons and surgi-
cal trainees who facilitate an open, effective, collaborative style
of communication reduce errors and enhance patient care. A
prime example is that successful communication of daily goals
of patient care from the team leader improves patient outcomes.
In one recent study, the modest act of explicitly stating daily
goals in a standardized fashion significantly reduced patient
length of intensive care unit stay and increased resident and
nurse understanding of goals of care.* Implementing standard-
ized daily team briefings in the wards and preoperative units
led to improvements in staff turnover rates, employee satisfac-
tion, and prevention of wrong site surgery.? In cardiac surgery,
improving communication in the operating room and transition
to the postanesthesia care unit was an area identified to decrease
risk for adverse outcomes.? Behaviors associated with ineffec-
tive communication, including absence from the operating room
when needed, playing loud music, making inappropriate com-
ments, and talking to others in a raised voice or a condescending
tone, were identified as patient hazards; conversely, behaviors
associated with effective collaborative communication, such as
time outs, repeat backs, callouts, and confirmations, resulted in
improved patient outcomes.

One model to ensure open communication is through
standardization of established protocols. A commonly accepted
protocol is the “Time Out” that is now required in the modern
operating room. During the Time Out protocol, all team mem-
bers introduce themselves and state a body of critical informa-
tion needed to safely complete the intended operation. This
same standardization can be taught outside the operating room.
Within the Kaiser system, certain phrases have been given a uni-
versal meaning: “I need you now” by members of the team is an
understood level of urgency and generates a prompt physician
response 100% of the time.?> As mentioned earlier, standardized
forms can be useful tools in ensuring universally understood
communication during sign-out. The beneficial effect of stan-
dardized communication further demonstrates how effective
communication can improve patient care and is considered a
vital leadership skill.

To Resolve Conflict. Great leaders are able to achieve their
vision through their ability to resolve conflict. During the pur-
suit of any vision, numerous conflicts arise on a daily basis;
numerous conflicts arise on a daily basis when surgeons and
surgical trainees provide high-quality care. Therefore, the tech-
niques for conflict resolution are essential for surgical leaders.
To properly use conflict resolution techniques, it is impor-
tant for the surgeon and surgical trainee to always remain objec-
tive and seek personal flexibility and self-awareness. The gulf
between self-perception and the perception of others can be
profound; in a study of cooperation and collaboration among
operating room staff, the quality of their own collaboration was
rated at 80% by surgeons, yet was rated at only 48% by oper-
ating room nurses.?® Systematic inclusion of modern conflict
resolution methods that incorporate the views of all members of
a multidisciplinary team help maintain objectivity. Reflection is

often overlooked in surgical residency training but is a critical
component of learning conflict resolution skills. Introspection
allows the surgeon to understand the impact of his or her actions
and biases. Objectivity is the basis of effective conflict resolu-
tion, which can improve satisfaction among team members and
help deliver optimal patient care.

Modern conflict resolution techniques are based on
objectivity, willingness to listen, and pursuit of principle-
based solutions.”” For example, an effective style of conflict
resolution is the utilization of the “abundance mentality” model,
which attempts to achieve a solution that benefits all involved
and is based on core values of the organization, as opposed to
the utilization of the traditional fault-finding model, which iden-
tifies sides as right or wrong.?® Application of the abundance
mentality in surgery elevates the conflict above the affected par-
ties and focuses on the higher unifying goal of improved patient
care. Morbidity and mortality (M&M) conferences are managed
in this style and have the purpose of practice improvement and
improving overall quality of care within the system, as opposed
to placing guilt or blame on the surgeon or surgical trainees
for the complication being reviewed. The traditional style of
command-and-control technique based on fear and intimidation
is no longer welcome in any healthcare system and can lead to
sanctions, lawsuits, and removal of hospital privileges or posi-
tion of leadership.

Another intuitive method that can help surgical trainees
learn to resolve conflict is the “history and physical” model of
conflict resolution. This model is based on the seven steps of
caring for a surgical patient that are well known to the surgical
trainee.?” (1) The “history” is the equivalent of gathering subjec-
tive information from involved parties with appropriate empa-
thy and listening. (2) The “laboratory/studies” are the equivalent
of collecting objective data to validate the subjective informa-
tion. (3) A “differential diagnosis” is formed of possible root
causes of the conflict. (4) The “assessment/plan” is developed
in the best interest of all involved parties. The plan, including
risks and benefits, is openly discussed in a compassionate style
of communication. (5) “Preoperative preparation” includes the
acquisition of appropriate consultations for clearances, consid-
eration of equipment and supplies needed for implementation,
and the “informed consent” from the involved parties. (6) The
“operation” is the actual implementation of the agreed-upon
plan, including a time-out. (7) “Postoperative care” involves
communicating the operative outcome, regular postoperative
follow-up, and the correction of any complications that arise.
This seven-step method is an example of an objective, respect-
ful method of conflict resolution. Practicing different styles of
conflict resolution and effective communication in front of the
entire group of surgical trainees attending the leadership train-
ing program is an effective means of teaching conflict resolution
techniques.

Time Management

It is important for leaders to practice effective time manage-
ment. Time is the most precious resource, as it cannot be
bought, saved, or stored. Thus, management of time is essential
for a productive and balanced life for those in the organization.
The effective use of one’s time is best done through a formal
time management program to improve one’s ability to lead by
setting priorities and making choices to achieve goals. The effi-
cient use of one’s time helps to improve both productivity and
quality of life.
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It is important for surgeons and surgical trainees to
learn and use a formal time management program. There are

ever-increasing demands placed on surgeons and surgi-

cal trainees to deliver the highest quality care in highly
regulated environments. Furthermore, strict regulations on
limitation of work hours demand surgical trainees learn patient
care in a limited amount of time.*° All told, these demands are
enormously stressful and can lead to burnout, drug and alco-
hol abuse, and poor performance.’® A time-motion study of
general surgery trainees analyzed residents’ self-reported time
logs to determine resident time expenditure on educational/
service-related activities (Fig. 1-6).3! Surprisingly, senior resi-
dents were noted to spend 13.5% of their time on low-service,
low-educational value activities. This time, properly managed,
could be used to either reduce work hours or improve educa-
tional efficiency in the context of new work hour restrictions.
It is therefore critical that time be used wisely on effectively
achieving one’s goals.

Parkinson’s law, proposed in 1955 by the U.K. political
analyst and historian Cyril Northcote Parkinson, states that
work expands to fill the time available for its completion,
thus leading individuals to spend the majority of their time on
insignificant tasks.?? Pareto’s 80/20 principle states that 80%
of goals are achieved by 20% of effort and that achieving the
final 20% requires 80% of their effort. Therefore, proper plan-
ning of undertaking any goal needs to include an analysis of
how much effort will be needed to complete the task.*> Formal
time management programs help surgeons and surgical train-
ees better understand how their time is spent, enabling them to
increase productivity and achieve a better balanced lifestyle.

Various time allocation techniques have been described.??
A frequently used basic technique is the “prioritized list,” also
known as the ABC technique. Individuals list and assign relative
values to their tasks. The use of the lists and categories serves
solely as a reminder, thus falling short of aiding the user in allo-
cating time wisely. Another technique is the “time management
matrix technique.”?® This technique plots activities on two axes:
importance and urgency, yielding four quadrants (Fig. 1-7). Con-
gruous with the Pareto’s 80/20 principle and Parkinson’s law,
the time management matrix technique channels efforts into
quadrant II (important but nonurgent) activities. The activities
in this quadrant are high yield and include planning, creative
activity, building relationships, and maintaining productivity.
Too often, surgeons spend a majority of their time attending to

P = history and physical examination.

quadrant I (important and urgent) tasks. Quadrant I tasks include
emergencies and unplanned or disorganized situations that
require intensive and often inefficient effort. While most sur-
geons and surgical trainees have to deal with emergencies, they
often develop the habit of inappropriately assigning activities
into quadrant I; excess time spent on quadrant I tasks leads to
stress or burnout for the surgeon and distracts from long-term
goals. Efficient time management allows surgeons and surgi-
cal trainees to be proactive about shifting energy from quadrant
I tasks to quadrant II, emphasizing preplanning and creativity
over always attending to the most salient issue at hand, depend-
ing on the importance and not the urgency.

Finally, “the six areas of interest” is an alternative effec-
tive time management model that can help surgeons and surgi-
cal trainees achieve their goals, live a better balanced lifestyle,
and improve the quality of their lives.?* The process begins by
performing a time-motion study in which the activities of 6-hour
increments of time over a routine week are chronicled. At the
end of the week, the list of activities is analyzed to determine
how the 168 hours in 1 week have been spent. The surgical
trainee then selects six broad categories of areas of interest (i.e.,
family, clinical care, education, health, community service, hob-
bies, etc.), and sets a single activity goal in each category every
day and monitors whether those goals are achieved. This tech-
nique is straightforward and improves one’s quality of life by
setting and achieving a balanced set of goals of personal inter-
est, while eliminating time-wasting activities.

A formal time management program is essential for
modern leadership. The practice and use of time management
strategies can help surgeons and surgical trainees achieve and
maintain their goals of excellent clinical care for their patients,
while maintaining a more balanced lifestyle.

Time Management Matrix

Important Quadrant | Quadrant Il
Non-important Quadrant IlI Quadrant IV
Urgent Non-urgent

Figure 1-7. Time management. (From Covey S. The Seven Habits
of Highly Effective People. New York: Simon & Schuster; 1989.)



LEADERSHIP STYLES

The principles of leadership can be practiced in a variety of
styles. Just as there are many definitions of leadership, many
classifications of styles exist as well. A landmark study by Dan-
iel Goleman in Harvard Business Review identified six distinct
leadership styles, based on different components of emotional
intelligence.** Emotional intelligence is the ability to recognize,
understand, and control the emotions in others and ourselves.
By learning different styles, surgeons and trainees can recognize
their own leadership style and the effect on the team dynamic.
Furthermore, it teaches when the situation may demand change
in style for the best outcome. The six leadership styles identi-
fied are Coercive, Authoritative, Affiliative, Democratic, Pace-
setting, and Coaching.

The Coercive leader demands immediate compliance.
This style reflects the command and control style that has
historically dominated surgery. Excessive coercive leadership
erodes team members’ sense of responsibility, motivation,
sense of participation in a shared vision, and ultimately, per-
formance. However, it is effective in times of crisis to deliver
clear, concise instruction. This style should be used sparingly
and is best suited for emergencies.

The Authoritative leader embodies the phrase “Come with
me,” focusing on mobilizing the team toward a common, grand
vision. This type of leader allows the team freedom to inno-
vate, experiment, and devise its own means. Goleman’s research
indicates this style is often the most effective. These leaders
display self-confidence, empathy, and proficiency in initiating
new ideas and leading people in a new direction. This is best
used when a shift in paradigm is needed.

The Affiliative leader creates harmony and builds emo-
tional bonds. This requires employment of empathy, building
relationships, and emphasis on communication. An affiliative
leader frequently gives positive feedback. This style can allow
poor performance to go uncorrected if too little constructive/
critical advice is given. Affiliative leadership is most useful
when motivating people during stressful circumstances or heal-
ing rifts in a team.

The Coaching style of leadership focuses on developing
people for the future. Coaching is leadership through mentor-
ship. The coach gives team members challenging tasks, coun-
sels, encourages, and delegates. Unlike the affiliative leader
who focuses on positive feedback, the coach helps people iden-
tify their weaknesses and improve their performance, and ties
their work into their long-term career aspirations. This leader-
ship style builds team capabilities by helping motivated learners
improve. However, this style does not work well when team
members are defiant and unwilling to change or learn, or if the
leader lacks proficiency.

The Democratic leader forges consensus through partici-
pation. This leadership style listens to and values each mem-
ber’s input. It is not the best choice in an emergency situation,
when time is limited, or when teammates cannot contribute
informed guidance to the leader. It can also be exasperating if a
clear vision does not arise from the collaborative process. This
style is most appropriate when it is important to obtain team
consensus, quell conflict, or create harmony.

The Pacesetter leader sets high standards for performance
and exemplifies them. These leaders identify poor performers
and demand more from them. However, unlike the coach, the
pacesetter does not build the skills of those who are not keeping

up. Rather, a pacesetter will either take over the task himself
or delegate the task to another team member. This leadership
style works well when it is important to obtain high-quality
results and there is a motivated, capable team. However, pace-
setters can easily become micromanagers who have difficulty
delegating tasks to team members, which leads to burn out on
the part of the leader. Additionally, team members can feel over-
whelmed and demoralized by the demands for excellence with-
out an empathic counter balance.

Each of the above styles of leadership has strengths and
weakness. Importantly, leaders who are the most successful do
not rely only on one leadership style alone. They use several of

them seamlessly depending on the situation and the team
7 > members at hand. Therefore, the more styles a leader has
mastered, the better, with particular emphasis on the Authorita-
tive, Affiliative, Democratic, and Coaching styles. Each leader-
ship style is a tool that is ultimately employed to guide a team
to realizing a vision or goal. Thus, leadership training programs
should teach the proper use of all leadership styles while adher-
ing to the principles of leadership.

FORMAL LEADERSHIP TRAINING
PROGRAMS IN SURGERY

Since it has been shown that effective leadership can improve
patient outcomes, leadership principles and skills should be
taught to surgical trainees using formal leadership training pro-
grams. The importance of teaching leadership skills is reflected
by the ACGME mandated core competencies (see Table 1-1).
However, surgical trainees, most notably chief residents, find
themselves in various leadership roles without ever having
experienced formalized leadership training, which has been
shown to result in a self-perceived lack of leadership ability.?
When surveyed on 18 core leadership skills (Table 1-2), 92%
of residents rated all 18 skills as important, but over half rated
themselves as “minimally” or “not competent” in 10 out of
18 skills.? It has been documented that trainees are requesting
leadership training and wish to close the gap between perceived
need for training and the implementation of formal leadership
training programs.>-37

A number of leadership workshops have been created.
Extracurricular leadership programs have been designed mostly
for physicians with an MBA or management background but
have not been incorporated into the core residency training pro-
gram.*® Also, there are many institutions that have published
experiences with leadership retreats or seminars for residents
or young physicians.**** The ACGME hosts multiple leader-
ship skills workshops for chief residents, mostly targeted toward
pediatricians, family practitioners, and psychiatrists.** Similarly,
the American College of Surgeons leads an annual 3-day lead-
ership conference focusing on leadership attributes, consensus
development, team building, conflict resolution, and translation
of leadership principles into clinical practice.* These programs
were all received well by participants and represent a call for a
formal leadership program for all surgical trainees.

An innovative leadership curriculum first implemented
in 1999 taught general surgery trainees collaborative leader-
ship skills, at a time when the traditional command-and-control
leadership style predominated.* Surgical residents partici-
pated in 18-hour-long modules based on the leadership prin-
ciples and skills listed in Table 1-2, taught by the surgical faculty.

9
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18 leadership training modules

IMPORTANCE COMPETENCE
SKILLS MEAN SCORE MEAN SCORE
Academic program 32 2.4%
development
Leadership training 3.8 2.3
Leadership theory 32 2.1%
Effective 3.7 2.7
communication
Conflict resolution 3.8 3
Management principles | 3.7 2.7*
Negotiation 3.7 2.8%
Time management 4 2.8%
Private or academic 3.6 2%
practice, managed care
Investment principles 35 2o
Ethics 3.6 32
Billing, coding, and 3.5 1.7*
compliance
Program improvement |3 2%
Writing proposals 33 2.2%
Writing reports 34 2.4%
Public speaking 3.7 N
Effective presentations | 3.7 2.7*
Risk management 3.5 2.1%
Total 3.6 2.5

Source: Reprinted with permission from Itani KMF, Liscum K, Brunicardi
FC. Physician leadership is a new mandate in surgical training. Am J
Surg. 2004;187:328-331. © Copyright Elsevier.

*P<0.001 by Student t test between mean importance and mean compe-
tence scores.

A number of leadership techniques, including time management
techniques and applied conflict resolution techniques described
earlier, were designed and implemented as part of this leader-
ship training program. Within 6 months of implementation, resi-
dents’ self-perceived total commitment to the highest personal
and professional standards, communication skills, visualization
of clear missions of patient care, and leadership of others toward
that mission increased significantly.* Remarkably, the positive
impact of this leadership curriculum was significant when mea-
sured using tools, such as the Multifactor Leadership Question-
naire (MLQ), social skills inventory, personality inventory, and
internal strength scorecard.>?’#47 The MLQ is a well-validated
instrument that objectively quantifies leadership beliefs and
self-perceived outcomes across medical and nonmedical disci-
plines. Based on the MLQ, surgical residents more often use a
passive-avoidant style of leadership that emphasizes taking cor-
rective action only after a problem is “significant and obvious.”’
This tool can also be used to track progress toward more effective,
collaborative styles of leadership. These studies demonstrated
the ability to measure leadership behavior of surgical trainees in
a standardized, quantifiable format.>¥"#-*” Taken together, these
studies support the concept that leadership skills can and should

be taught to surgical trainees, and there are many validated tools
8» to measure outcomes.

Mentoring

A formal leadership training program for surgical trainees
should include mentoring. Mentoring is the active process by
which an experienced, empathetic person guides another indi-
vidual in the development and self-recognition of their own
vision, learning, core competencies, and professional develop-
ment. Halstead established the concept of a surgical mentor who
directly provided the trainees with professional and technical
guidance. Halstead’s concept went beyond a simple preceptor-
ship by emphasizing clinical decision making based on scien-
tific evidence. His goal was to develop surgeons who would go
on to become outstanding leaders and innovators in the field.
Although surgery has changed dramatically since Halstead’s
era, mentorship remains crucial in surgical training. In addition
to teaching technical skills, clinical judgment, and scientific
inquiry, modern-day mentors must also model effective com-
munication, empathy, humanism, and the prioritization of com-
peting professional and personal activities.

The mentor must also be an experienced and trusted advi-
sor committed to the success of the mentee. A greater level
of trust and commitment distinguishes the mentor from the
teacher. More than a teacher, a mentor is a coach. The goal
of a teacher is to pass on a defined level of knowledge for
each stage of a student’s education. The underlying prem-
ise is a limited level of advancement for the student. The
coach, on the other hand, has the sole purpose to make his
or her student the best at their game with an unlimited level
of advancement. Modern mentorship implies a partnership
between the mentor and the mentee. Surgical residency pro-
gram chairs and program directors must recruit and develop
faculty “coaches” to mentor residents to optimize their poten-
tial. Emeritus Chair of University of California, Los Ange-
les Head and Neck Surgery, Dr. Paul Ward, said it best: “We
strive to produce graduates of our residency program who
are among those who change the way we think and practice
....” Having more than 25 former residents become chairs of
academic head and neck surgical programs, Dr. Ward embod-
ied the role as a surgeon’s coach. The responsibilities of an
effective mentor are summarized by Barondess: “Mentoring,
to be effective, requires of the mentor empathy, maturity, self-
confidence, resourcefulness, and willingness to commit time
and energy to another. The mentor must be able to offer guid-
ance for a new and evolving professional life, to stimulate and
challenge, to encourage self-realization, to foster growth, and
to make more comprehensible the landscape in which the pro-
tégé stands.”*

One of the major goals of a mentor is to assess the aptitudes
and abilities of the mentee with regard to the appropriateness
of their vision for their surgical career. Proper selection of the
appropriate mentor can bring to the mentee much needed wis-
dom, guidance, and resources and can expand the scope of their

vision. In addition, the mentor can refine the leadership
9 skills taught to their mentees in formal training programs.
Highly successful surgeons most often have had excellent sur-
gical mentors. It is impressive to note that more than 50% of
United States Nobel laureates have served under other Nobel
laureates in the capacity of student, postdoctoral fellow, or
junior collaborator.* In academic medicine, evidence-based
studies have shown benefits to the mentees that include enhanced



research productivity, higher likelihood of obtaining research
grants, and greater success in obtaining desired positions in
practice or at academic institutions.™® Mentoring provides ben-
efits to the mentors themselves, including refinement of their
own personal leadership skills and a strong sense of satisfaction
and accomplishment.

Mentorship is essential to accomplish the successful
development of surgical trainees and to help cultivate their
vision. Therefore, formal leadership training programs that have
a goal of training the future leaders in surgery should include
mentoring.

CONCLUSION

Although there are several definitions of leadership and a variety
of leadership styles, all end with the common goal of improving
patient care in the modern era. All forms of leadership require a
vision and willingness—the willingness to assume the respon-
sibility to lead, continue learning, practice effective commu-
nication styles, and resolve conflict. Effective leadership can
change surgical departments and improve patient care through
innovation. A growing body of evidence suggests the mastery of
leadership requires practice through intentional curriculum and
reinforcement through mentorship.

Surgical leadership is bred through its training programs.
Thus, innovation in surgical training programs is needed to
enhance the development of leadership skills of surgical train-
ees, to prepare them for practice in modern healthcare sys-
tems, and to optimize patient care, as well as compliance with
requirements set forth by regulatory institutions governing
surgery and surgical education. A growing body of literature
supports the value of effective leadership in improving patient
care, productivity, and the work environment while it validates
the ability to measure the impact of leadership training. There-
fore, it is of paramount importance to teach modern leadership
principles and skills to surgical trainees in order to create a
new generation of surgeon leaders who will shape the modern
era of surgery in the context of rapidly evolving science, tech-
nology, and systems of healthcare delivery.
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OVERVIEW: INJURY-ASSOCIATED SYSTEMIC
INFLAMMATORY RESPONSE

The inflammatory response to injury or infection occurs as a
consequence of the local or systemic release of “pathogen-
associated” or ‘“damage-associated” molecules, which use
similar signaling pathways to mobilize the necessary resources
required for the restoration of homeostasis. Minor host insults
result in a localized inflammatory response that is transient
and in most cases beneficial. Major host insults, however, may
lead to amplified reactions, resulting in systemic inflammation,
remote organ damage, and multiple organ failure in as many
as 30% of those who are severely injured. Recent data support

this idea and suggest that severely injured patients who are des-
tined to die from their injuries differ from survivors only in the
degree and duration of their dysregulated acute inflammatory
response.'?

This topic is highly relevant because systemic inflamma-
tion is a central feature? of both sepsis and severe trauma. Under-
standing the complex pathways that regulate local and systemic
inflammation is necessary to develop therapies to intervene dur-
ing overwhelming sepsis or after severe injury. Sepsis, defined
by a systemic inflammatory response to infection, is a disease
process with an incidence of over 900,000 cases per year. Fur-
ther, trauma is the leading cause of mortality and morbidity for
individuals under age 45.

*This chapter is dedicated to its previous author, Dr. Stephen Lowry, my mentor and friend.



Key Points

1» Endogenous damage-associated molecular patterns (DAMPs)
are produced following tissue and cellular injury. These mol-
ecules interact with immune and nonimmune cell receptors to
initiate a “sterile” systemic inflammatory response following
severe traumatic injury.

2> In many cases, DAMP molecules are sensed by pattern rec-
ognition receptors (PRRs), which are the same receptors that
cells use to sense invading pathogens. This explains, in part,
the similar clinical picture of systemic inflammation observed
in injured and/or septic patients.

3> The central nervous system receives information with regard
to injury-induced inflammation via soluble mediators as well
as direct neural projections that transmit information to reg-
ulatory areas in the brain. The resulting neuroendocrine reflex
plays an important modulatory role in the immune response.

~

4» Inflammatory signals activate key cellular stress responses
(the oxidative stress response, the heat shock protein
response, the unfolded protein response, autophagy, and pro-
grammed cell death), which serve to mobilize cellular
defenses and resources in an attempt to restore homeostasis.

5» The cells, mediators, signaling mechanisms, and pathways
that compose and regulate the systemic inflammatory
response are closely networked and tightly regulated by
transcriptional events as well as by epigenetic mechanisms,
posttranslational modification, and microRNA synthesis.

6> Nutritional assessments, whether clinical or laboratory
guided, and intervention should be considered at an early
juncture in all surgical and critically ill patients.

7> Management of critically ill and injured patients is optimized
with the use of evidence-based and algorithm-driven therapy.J

14

In this chapter, we will review what is known about the
soluble and cellular effectors of the injury-induced inflam-
matory response; how the signals are sensed, transduced, and
modulated; and how their dysregulation is associated with
immune suppression. We will also discuss how these events are
monitored and regulated by the central nervous system. Finally,
we will review how injury reprograms cellular metabolism, in
an attempt to mobilize energy and structural stores to meet the
challenge of restoring homeostasis.

THE DETECTION OF CELLULAR INJURY

The Detection of Injury is Mediated by
Members of the Damage-Associated Molecular

Pattern Family
Traumatic injury activates the innate immune system to pro-
duce a systemic inflammatory response in an attempt to limit
damage and to restore homeostasis. It includes two general
responses: (a) an acute proinflammatory response resulting from
innate immune system recognition of ligands, and (b) an anti-
inflammatory response that may serve to modulate the proin-
flammatory phase and direct a return to homeostasis (Fig. 2-1).
This is accompanied by a suppression of adaptive immunity.*
Rather than occurring sequentially, recent data indicate that all
three responses are simultaneously and rapidly induced
> following severe traumatic injury.’

The degree of the systemic inflammatory response fol-
lowing trauma is proportional to injury severity and is an
independent predictor of subsequent organ dysfunction and
resultant mortality. Recent work has provided insight into
the mechanisms by which immune activation in this setting
is triggered. The clinical features of the injury-mediated sys-
temic inflammatory response, characterized by increased
body temperature, heart rate, respirations, and white blood cell
count, are similar to those observed with infection (Table 2-1).
While significant efforts have been devoted to establish-
ing a microbial etiology for this response, it is now widely
accepted that systemic inflammation following trauma is
sterile. Although the mechanisms for the sterile response are

MOF
Recovery
MOF
1.
”
Hours Days

Figure 2-1. Schematic representation of the systemic inflamma-
tory response syndrome (SIRS) after injury, followed by a period of
convalescence mediated by the counterregulatory anti-inflammatory
response syndrome (CARS). Severe inflammation may lead to
acute multiple organ failure (MOF) and early death after injury
(dark blue arrow). A lesser inflammatory response followed by
excessive CARS may induce a prolonged immunosuppressed state
that can also be deleterious to the host (light blue arrow). Normal
recovery after injury requires a period of systemic inflammation
followed by a return to homeostasis (red arrow). (Adapted with
permission from Guirao X, Lowry SF. Biologic control of injury
and inflammation: Much more than too little or too late. World J
Surg. 1996,20:437. With kind permission from Springer Science +
Business Media.)

less well understood, it is likely to result from endogenous
molecules that are produced as a consequence of tissue dam-
age or cellular stress, as may occur with hemorrhagic shock
and resuscitation.’ Termed alarmins or damage-associated
molecular patterns (DAMPs), these effectors, along with the
pathogen-associated molecular patterns (PAMPs), interact
with specific cell receptors that are located both on the cell
surface and intracellularly.® The best described of these
2» receptors are members of the toll-like receptor family.



Clinical spectrum of infection and systemic inflamma-
tory response syndrome (SIRS)

TERM DEFINITION

Infection Identifiable source of microbial insult

SIRS Two or more of following criteria are met:
Temperature >38°C (100.4°F) or <36°C
(96.8°F)

Heart rate 290 beats per minute
Respiratory rate >20 breaths per minute or
Paco, <32 mmHg or mechanical ventilation
White blood cell count 212,000/uL or
<4000/uL or 210% band forms

Identifiable source of infection + SIRS

Sepsis

Severe sepsis | Sepsis + organ dysfunction

Septic shock | Sepsis + cardiovascular collapse (requiring

Vasopressor support)

Paco, = partial pressure of arterial carbon dioxide.

Trauma DAMPs are structurally diverse endogenous mol-
ecules that are immunologically active. Table 2-2 includes
a partial list of DAMPs that are released either passively
from necrotic/damaged cells or actively from physiologically
“stressed” cells by upregulation or overexpression. Once they
are outside the cell, DAMPs promote the activation of innate
immune cells, as well as the recruitment and activation of
antigen-presenting cells, which are engaged in host defense.”
The best-characterized DAMP with significant preclinical evi-
dence for its release after trauma and with a direct link to the
systemic inflammatory response is high-mobility group pro-
tein B1 (HMGB1). Additional evidence for the role of DAMP
molecules in postinjury inflammation, including mitochondrial
proteins and DNA, as well as extracellular matrix molecules, is
also presented.

Damage-associated molecular patterns (DAMPs) and
their receptors

DAMP MOLECULE PUTATIVE RECEPTOR(S)
HMGBI1 TLRs (2,4,9), RAGE

Heat shock proteins TLR2, TLR4, CD40, CD14
S100 protein RAGE

Mitochondrial DNA TLR9

Hyaluronan TLR2, TLR4, CD44
Biglycan TLR2 and TLR4

Formy! peptides Formy! peptide receptor 1
(mitochondrial)

IL-1a IL-1 receptor

HMGB1 = high-mobility group protein B1; IL = interleukin; RAGE =
receptor for advanced glycosylation end products; TLK = toll-like
receptor.

High-Mobility Group Protein B1. The best-characterized
DAMP in the context of the injury-associated inflammatory
response is HMGBI1 protein, which is rapidly released into
the circulation within 30 minutes following trauma. HMGB1
is highly evolutionarily conserved across species. It was first
described as a constitutively expressed, nonhistone chromo-
somal protein that participated in a variety of nuclear events,
including DNA repair and transcription. HMGB1 was also
detected in the cytosol and extracellular fluids at low levels,
although its function outside the cell was not clear. Subsequent
studies have proven, however, that HMGBI1 is actively secreted
from immune-competent cells stimulated by PAMPs (e.g.,
endotoxin) or by inflammatory cytokines (e.g., tumor necro-
sis factor and interleukin-1). This process occurs outside the
classic secretory pathway via a mechanism that is independent
of endoplasmic reticulum and the Golgi complex. Moreover,
recent data indicate that HMGB1 release can be regulated by the
inflammasome.® Stressed nonimmune cells such as endothelial
cells and platelet also actively secrete HMGB1. Finally, passive
release of HMGB1 can occur following cell death, whether it is
programmed or uncontrolled (necrosis).

Once outside the cell, HMGBI1 interacts with its putative
receptors either alone or in concert with pathogenic molecules
to activate the immune response, and in this way, functions as
a proinflammatory cytokine. HMGB1 has been shown to signal
via the toll-like receptors (TLR2, TLR4, TLR9), the receptor
for advanced glycosylation end products (RAGE), CD24, and
others. The activation of TLRs mainly occurs in myeloid cells,
whereas RAGE is thought to be the receptor target in endo-
thelial and somatic cells. The diverse proinflammatory biologic
responses that result from HMGBI1 signaling include: (a) the
release of cytokines and chemokines from macrophages/
monocytes and dendritic cells; (b) neutrophil activation and
chemotaxis; (c) alterations in epithelial barrier function, includ-
ing increased permeability; and (d) increased procoagulant
activity on platelet surfaces, among others.’ In particular,
HMGBI binding to TLR4 triggers the proinflammatory cyto-
kine release that mediates “sickness behavior.” This effect is
dependent on the highly conserved domain structure of HMGB1
that can be recapitulated by a synthetic 20-amino acid peptide
containing a critical cysteine residue at position 106.'°

Recent data have explored the role of this cysteine residue,
as well as two others that are highly conserved, in the biologic
function of HMGB1. They demonstrate that the redox state
of the three residues regulates the receptor binding ability of
HMGBI to influence its activity, including cytokine produc-
tion. For example, a thiol at C106 is required for HMGBI1 to
promote macrophage tumor necrosis factor (TNF) release. In
addition, a disulfide bond between C23 and C45 is also required
for cytokine release because reduction of the disulfide linkage
or further oxidation will reduce the ability of HMGBI1 to func-
tion as a cytokine. Therefore, if all three cysteine residues are
in reduced form, HMGBI1 lacks the ability to bind and signal
through TLR4, but gains the capacity to bind to CXCL12 to
activate CXCR4 and serve as a chemotactic mediator. Impor-
tantly, shifts between the redox states have been demonstrated
and indicate that redox state dynamics are important regulators
of HMGB1."

Importantly, HMGBI1 levels in human subjects follow-
ing injury correlate with the Injury Severity Score, complement
activation, and an increase in circulating inflammatory mediators
such as TNF.'? Unchecked, excessive HMGBI1 has the capacity
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to promote a self-injurious innate immune response. In fact,
exogenous administration of HMGBI1 to normal animals pro-
duces fever, weight loss, epithelial barrier dysfunction, and even
death.

A Role for Mitochondrial DAMPs in the Injury-Mediated
Inflammatory Response. Mitochondrial proteins and/or
DNA can act as DAMPs by triggering an inflammatory response
to necrosis and cellular stress. Specifically, the release of mito-
chondrial DNA (mtDNA) and formyl peptides from damaged or
dysfunctional mitochondria has been implicated in activation of
the macrophage inflammasome, a cytosolic signaling complex
that responds to cellular stress. In support of this idea, plasma
mtDNA has been shown to be thousands of times higher in both
trauma patients and patients undergoing femoral fracture repair
when compared to normal volunteers. Further, direct injection
of mitochondria lysates in an animal model caused remote organ
damage, including liver and lung inflammation."* These data
suggest that with stress or tissue injury, mtDNA and peptides
are released from damaged mitochondria where they can con-
tribute to a sterile inflammatory response. From an evolution-
ary perspective, given that eukaryotic mitochondria derive from
bacterial origin, it would make sense that they retain bacterial
features capable of eliciting a strong response that is typically
associated with a pathogen trigger. For example, mtDNA is cir-
cular and contains hypomethylated CpG motifs that resemble
bacterial CpG DNA. It is thus capable of producing formylated
peptides, which potently induce an inflammatory phenotype
in neutrophils, by increasing chemotaxis, oxidative burst, and
cytokine secretion. In addition, the mitochondrial transcription
factor A (TFAM), a highly abundant mitochondrial protein, is
functionally and structurally homologous to HMGBI. It has
also been shown be released in high amounts from damaged
cells where it acts in conjunction with mtDNA to activate TLR9
signaling.'

Extracellular Matrix Molecules Act as DAMPs. Recent work
has explored the role of extracellular matrix (ECM) proteins
in the TLR-mediated inflammatory response that follows tissue
injury. These molecules, which are sequestered under normal
conditions, can be released in a soluble form with proteolytic
digestion of the ECM. Proteoglycans, glycosaminoglycans,
and glycoproteins such as fibronectin have all been implicated
as key players in the DAMP/TLR interaction. Proteoglycans,
in particular, have also been shown to activate the intracel-
lular inflammasomes that trigger sterile inflammation. These
molecules, which consist of a protein core with one or more
covalently attached glycosaminoglycan chains, can be mem-
brane-bound, secreted, or proteolytically cleaved and shed from
the cell surface.

Biglycan is one of the first proteoglycans to be described
as a TLR ligand." It consists of a protein core containing leucine-
rich repeat regions, with two glycosaminoglycan (GAG) side
chains (chondroitin sulfate or dermatan sulfate). Although
biglycan typically exists in a matrix-bound form, with tissue
injury, it is released from the ECM in a soluble form where it
interacts with TLR2 or TLR4 to generate an immediate inflam-
matory response.

Various proinflammatory cytokines and chemokines,
including TNF-o and interleukin (IL)-1pB, are downstream
effector molecules of biglycan/TLR2/4 signaling. Among
these, the mechanism of biglycan-mediated autonomous

synthesis and secretion of mature IL-1f is unique. Usually,
release of mature IL-1f from the cell requires two signals, one
which is needed to initiate synthesis (TLR2/4-mediated) and the
other to process pro-IL-1f to its mature form (inflammasome-
mediated). How is it possible for biglycan to provide both sig-
nals? Current evidence indicates that when soluble biglycan
binds to the TLR, it simultaneously serves as a ligand for a
purinergic receptor, which facilitates the inflammasome acti-
vation required for IL-1[3 processing.!® These data support the
idea that DAMP-mediated signals can initiate a robust inflam-
matory response.

DAMPs Are Ligands for Pattern

Recognition Receptors
The inflammatory response that occurs following traumatic
injury is similar to that observed with pathogen exposure.
Not surprising, surface and cytoplasmic receptors that
2 mediate the innate immune response to microbial infec-
tion have been implicated in the activation of sterile inflam-
mation. In support of this idea, genes have been identified that
are dysregulated acutely both in response to a microbial ligand
administered to human volunteers and in response to traumatic
injury in a large patient population.!” The classes of receptors
that are important for sensing damaged cells and cell debris are
part of the larger group of germline encoded pattern recog-
nition receptors (PRRs). The best-described ligands for these
receptors are microbial components, the PAMPs. The PRRs of
the innate immune system fall into at least four distinct classes:
TLRs, calcium-dependent (C-type) lectin receptors (CLRs), ret-
inoic acid—inducible gene (RIG)-I-like receptors (RLRs), and
the nucleotide-binding domain, leucine-rich repeat—containing
(NBD-LRR) proteins (NLRs; also nucleotide-binding and oligo-
merization domain [NOD]-like receptors). Following receptor
ligation, intracellular signaling modulates transcriptional and
posttranslational events necessary for host defense by coordi-
nating the synthesis and release of cytokines and chemokines to
either initiate or suppress the inflammatory response. The best
described of these, the TLRs, NLRs, and CLRs, are discussed
in the following sections.

Toll-Like Receptors. The TLRs are evolutionarily conserved
type 1 transmembrane proteins that are the best-characterized
PRRs in mammalian cells. They were first identified in
Drosophila, where a mutation in the Toll gene led to its iden-
tification as a key component in their immune defense against
fungal infection. The first human TLR, TLR4, was identified
shortly thereafter. Now, more than 10 human TLR family mem-
bers have been identified, with distinct ligands that include
lipid, carbohydrate, peptide, and nucleic acid components of
various pathogens. TLRs are expressed on both immune and
nonimmune cells. At first, the expression of TLR was thought to
be isolated to professional antigen-presenting cells such as den-
dritic cells and macrophages. However, mRNA for TLR family
members have been detected in most cells of myeloid lineage,
as well as natural killer (NK) cells.'® In addition, activation of
T cells increases their TLR expression and induces their sur-
vival and clonal expansion. Direct engagement of TLR in
T-regulatory (Treg) cells promotes their expansion and repro-
grams them to differentiate into T helper cells, which in turn
provides help to effector cells. In addition, B cells express a
distinct subset of the TLR family that determines their ability to
respond to DAMPs; however, the significance of restricted TLR
expression in these cells is not yet clear.



All TLRs consist of an extracellular domain, character-
ized by multiple leucine-rich repeats (LRRs), and a carboxy-
terminal, intracellular toll/IL-1 receptor (TIR) domain. The
LRR domains recognize bacterial and viral PAMPs in the
extracellular environment (TLR1, TLR2, TLR4, TLRS, TLR6,
and TLR11) or in the endolysosomes (TLR3, TLR7, TLRS,
TLRY, and TLR10). Although the role of TLRs in sepsis has
been well described, more recent data indicate that a subset of
the TLRs, TLR4 in particular, also recognizes DAMPs released
from injured cells and tissues.! Signal transduction occurs with
receptor dimerization and recruitment of cytoplasmic adaptor
proteins. These adaptor molecules initiate and amplify down-
stream signals, resulting in the activation of transcription. The
transcription factors, which include nuclear factor-xB (NF-kB),
activator protein (AP)-1, and interferon regulatory factor (IRF),
bind to regulatory elements in promoters and/or enhancers of
target genes leading to the upregulation of a large cohort of
genes that include interferon (IFN)-o and IFN-, nitric oxide
synthase 2 (NOS2A), and TNF, which play critical roles in ini-
tiating innate immune responses to cellular injury and stress.
Given the importance of TLR triggering of the innate immune
response to immune homeostasis, it is no surprise that the
process is tightly regulated. TLR expression is significantly
increased following blunt traumatic injury. Further, TLR sig-
naling is controlled at multiple levels, both posttranscription-
ally via ubiquitination, phosphorylation, and microRNA actions
that affect mRNA stability, as well as by the localization of the
TLRs and their signaling complexes within the cell.

Nucleotide-Binding Oligomerization Domain-Like Recep-
tor Family. The NLRs are a large family of proteins composed
of intracellular PRRs that sense both endogenous (DAMPs) and
exogenous (PAMPs) molecules to trigger innate immune acti-
vation. The best characterized of the NLRs is the NLR family
pyrin domain-containing 3 (NLRP3), which is highly expressed
in peripheral blood leukocytes. It forms the key “sensing” com-
ponent of the larger, multiprotein inflammasome complex,
which is composed of NLRP3; the adapter protein apoptosis-
associated speck-like protein containing a CARD (ASC); and
the effector protein, caspase 1.%° In the cytoplasm, the receptor
resides in an inactive form due to an internal interaction between
two adjacent and highly conserved domains. In conjunction with
a priming event, such as mitochondrial stress, phagocytosed
DAMPs can be sensed by NLRP3, resulting in the removal of
the self-repression. The protein can then oligomerize and recruit
other complex members. The net result is the autoactivation of
pro-caspase 1 to caspase 1. The NLRP3 inflammasome plays
a central role in immune regulation by initiating the caspase
1-dependent processing and secretion of the proinflammatory
cytokines IL-1B and IL-18. In fact, NLRP3 is the key protein
in the mechanism by which IL-1B production is regulated in
macrophages. NLRP3 inflammasome activity is tightly regu-
lated by cell-cell interactions, cellular ion flux, and oxidative
stress in order to maintain a balanced immune response to dan-
ger signals.

While the role of the NLRP3 inflammasome in the ster-
ile inflammatory response following trauma has not been well
described, recent evidence suggests that genetic variations in the
NLRP3 gene might affect the magnitude of immune inflammatory
responses following trauma. Single nucleotide polymorphisms
within the NLRP3 gene were found to be associated with increased
risk of sepsis and multiple organ dysfunction syndrome in patients
with major trauma.”’ In an animal model of burn injury, early

inflammasome activation has been detected in a variety of immune
cells (NK cells, CD4/CD8 T cells, and B cells), as determined by
the assessment of caspase 1 cleavage by flow cytometry.?? Fur-
ther, inhibition of caspase 1 activity in vivo results in increased
burn mortality, suggesting that inflammasome activation may play
an unanticipated protective role in the host response to injury that
may be linked to increased production of specific cytokines. In
addition to the NLRP3 inflammasome, there are numerous other
NLRP sensors that are capable of detecting a diverse range of
molecular targets. Among them are those endogenous molecules
that are released as a consequence of tissue injury and cellular stress
(hypoxia/hypoperfusion).

C-Type Lectin Receptors. Macrophages and dendritic cells
possess receptors that detect molecules released from damaged
or dying cells in order to retrieve and process antigens from cell
corpses for T-cell presentation. A key family of receptors that
directs this process is the CLR family that includes the selectin
and the mannose receptor families and that binds carbohydrates
in a calcium-dependent fashion. Best described for their sens-
ing of PAMPs, particularly fungal antigens, the CLRs can also
act to promote the endocytosis and clearance of cell corpses.
More recent work has demonstrated, however, that a subset of
CLR receptors such as dendritic cell-NK lectin group receptor-1
(DNGR-1) and macrophage-inducible C-type lectin recep-
tor (Mincle) recognize DAMPS of intracellular origin, such
as F-actin and the ribonucleoprotein SAP-130.?* Ligation and
activation of Mincle promotes its interaction with an Fcy recep-
tor, which contains immunoreceptor tyrosine-based activation
motifs. This leads to proinflammatory cytokine, chemokine, and
nitric oxide production, in addition to neutrophil recruitment. In
this way, Mincle may contribute to local inflammation at sites
of tissue injury.

Soluble Pattern Recognition Molecules: The Pentraxins.
Soluble pattern recognition molecules (PRMs) are a molecu-
larly diverse group of molecules that share a conserved mode
of action that is defined by complement activation, agglutina-
tion and neutralization, and opsonization. The best described
of the PRMs are the pentraxins. PRMs can be synthesized at
sites of injury and inflammation by macrophages and dendritic
cells, while neutrophils can store PRMs and can release them
rapidly following activation. In addition, epithelial tissues (the
liver in particular) serve as a reservoir source for systemic mass
release. The short pentraxin, C-reactive protein (CRP), was the
first PRM to be identified. Serum amyloid protein (SAP), which
has 51% sequence similarity to human CRP, also contains the
pentraxin molecular signature. CRP and SAP plasma levels are
low (<3 mg/L) under normal circumstances. However, CRP is
synthesized by the liver in response to IL-6, increasing serum
levels more than a 1000-fold. Thus, CRP is considered part of the
acute-phase protein response in humans. For this reason, CRP
has been studied as a marker of the proinflammatory response
in many clinical settings, including appendicitis, vasculitis, and
ulcerative colitis. CRP and SAP are ancient immune molecules
that share many functional properties with antibodies: they bind
bacterial polysaccharides, ECM components, apoptotic cells, and
nuclear materials, as well as all three classes of Fcy receptors
(FcyR). Both molecules also participate in the activation and reg-
ulation of complement pathways. In this way, short pentraxins
can link immune cells to the complement system.>*

Finally, significant data support a role for pentraxin 3
(PTX3), a long pentraxin family member, in the “sterile”
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inflammatory response associated with cellular stress. While
CRP is produced solely in the liver, PTX3 is produced by vari-
ous cells in peripheral tissues, including immune cells. PTX3
plasma concentrations increase rapidly in various inflammatory
conditions, including sepsis. Further, in a recent prospective
study of polytraumatized patients, serum PTX3 concentrations
were highly elevated, peaking at 24 hours. In addition, PTX3
concentrations at admission were associated with injury sever-
ity, whereas higher PTX3 serum concentrations 24 hours after
admission correlated with lower probability for survival.?

Pattern Recognition Receptor Signaling: Toll-

Like Receptors and the Inflammasome

As noted earlier, members of the TLR family respond to endog-
enous molecules released from damaged or stressed cells. In
animal models, activation of TLRs in the absence of bacterial
pathogens correlates with the development of critical illness
including “sterile inflammation.” What we know about TLR sig-
naling events has largely been derived from the TLR-mediated
response to bacterial pathogens. However, it is likely that the
intracellular adaptors required for signal transmission by TLRs
in response to exogenous ligands are conserved and used for
“damage” sensing of endogenous (“self”’) ligands as well. The
intracellular domain structure of TLRs is highly conserved and
is characterized by a cytoplasmic toll/IL-1R homology (TIR)
domain. Binding of ligand to the receptor results in a receptor
dimer, either a homodimer (e.g., TLR4/TLR4) or heterodimer
(e.g., TLR2/TLR1), which recruits a number of adaptor pro-
teins to the TIR domains, through TIR-TIR interaction.?® With
one exception (TLR3), the universal adaptor protein central to
the TLR signaling complex is myeloid differentiation factor 88
(MyD88), a member of the IL-1 receptor subfamily. MyD88
works through the recruitment of a second TIR-containing adap-
tor, MyD88 adaptor-like protein (Mal), in the context of TLR4
and TLR2 signaling, which serves as a bridge between MyD88
and activated TLRs to initiate signal transduction. It is interest-
ing that Mal’s adaptor function requires cleavage of the carboxy-
terminal portion of the protein by caspase 1, a key effector of
the inflammasome.?” This finding suggests an important synergy
between TLRs and NLRs that may potentiate TLR-mediated
signaling. There are three other TIR domain-containing adaptor
proteins that are also important to TLR-signaling events; these
are TIR-domain-containing adapter-inducing INF-f3 (TRIF),
TRIF-related adaptor molecule (TRAM), and sterile - (SAM)
and HEAT/armadillo (ARM) motif-containing protein (SARM).
Two of these, TRIF and TRAM, are involved in the MyD§8-
independent signaling pathways, which are activated by TLR3
and TLR4.

Signaling through the MyD88-dependent pathway results
in the activation of numerous cytoplasmic protein kinases
including IL-1 receptor—associated kinases (IRAK-1 and
IRAK-4), resulting in an interaction with TNF receptor—associ-
ated factor 6 (TRAF6). TRAF6, an E3 ubiquitin ligase, forms
a complex with two other proteins, which together activate the
complex that subsequently phosphorylates IkB kinase (IKK)-[3
and the MAP kinases (MAPKs). Ultimately, the phosphoryla-
tion of IkB by the IKK complex and NEMO (NF-kB essential
modulator) leads to its degradation, which frees NF-xB and
allows its translocation to the nucleus and the transcription of
NF-«B target genes. Simultaneously, MAPK activation is criti-
cal for activation of the activator protein-1 (AP-1) transcrip-
tion factor, and thus production of inflammatory cytokines.

The MyD88-independent pathway acts through TRIF to activate
NF-kB, similar to the MyD88-dependent pathway. However,
TRIF can also recruit other signaling molecules to phosphory-
late interferon-regulatory factor 3 (IRF3), which induces expres-
sion of type I IFN genes.?

Signaling from the Inflammasome. As discussed earlier,
activation and assembly of the inflammasome in response to
DAMP sensing result in the cleavage of pro-caspase 1 into
two products. This event is pivotal to all known inflamma-
some signaling pathways. The caspase 1 products assemble
to form the IL-1 converting enzyme (ICE), which cleaves
the IL-1 cytokines, IL-1, IL-18, and IL-33. This final step is
required for activation and secretion of the cytokines from the
cell.® IL-1P and IL-18 are potent proinflammatory cytokines
that promote key immune responses that are essential to host
defense. Thus, the synthesis, processing, and secretion of these
cytokines are tightly regulated, as successful cytokine release
requires a two-step process. The first signal, which is typically
TLR-mediated, initiates the synthesis and storage of the inactive
cytokine precursors in the cytoplasm. The second signal, which
is inflammasome-mediated, initiates proteolytic cleavage of the
procytokine, which is a requirement for its activation and secre-
tion from the cell. Of further interest, evidence has demonstrated
that both IL-1f and IL-18 lack a signal sequence, which is usu-
ally necessary for those proteins that are destined for cellular
export. These signal peptides target proteins to the endoplasmic
reticulum (ER) and to the Golgi complex, where they are pack-
aged for secretion from the cell through the classical secretory
pathway. More than 20 proteins in addition to IL-1p and IL-18
undergo unconventional protein secretion independent of the
ER and Golgi complex.?® The list includes signaling molecules
involved in inflammatory, cell survival, and repair responses,
such as HMGBI, IL-1aq, galectins 1 and 3, and FGF2. Currently,
the mechanisms responsible for unconventional protein secre-
tion are not understood; however, the process is also evident in
yeast under conditions of cellular stress. It makes evolutionary
sense that a mechanism for rapid secretion of stored proteins
essential to the stress response is highly conserved.

CENTRAL NERVOUS SYSTEM REGULATION OF
INFLAMMATION IN RESPONSE TO INJURY

The central nervous system (CNS) communicates with the
body through ordered systems of sensory and motor neurons,
which receive and integrate information to generate a coordi-
nated response. Rather than being an immune-privileged organ,
recent work indicates that the CNS receives information with
regard to injury-induced inflammation both via soluble media-
tors as well as direct neural projections that transmit informa-

tion to regulatory areas in the brain (Fig. 2-2). How does
3 > the CNS sense inflammation? DAMPs and inflammatory
molecules convey stimulatory signals to the CNS via multiples
routes. For example, soluble inflammatory signaling molecules
from the periphery can reach neurons and glial cells directly
through the fenestrated endothelium of the circumventricular
organs (CVO) or via a leaky blood brain barrier in pathologic
settings such as may occur following a traumatic brain injury.?
In addition, inflammatory stimuli can interact with receptors
located on the brain endothelial cells to generate a variety of
proinflammatory mediators (cytokines, chemokines, adhesion
molecules, proteins of the complement system, and immune recep-
tors) that directly impact the brain parenchyma. Not surprising, this
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response is countered by potent anti-inflammatory signaling,
a portion of which is provided by the hypothalamic-pituitary-
adrenal (HPA) axis and the release of systemic glucocorticoids.
Inflammatory stimuli in the CNS result in behavioral changes,
such as increased sleep, lethargy, reduced appetite, and the
most common feature of infection, fever.

Information regarding peripheral inflammation and tissue
damage can also be signaled to the brain via afferent neural
fibers, particularly those of the vagus nerve.*® These afferent
fibers can interconnect with neurons that project to the hypo-
thalamus to modulate the HPA axis. In addition, afferent vagal
nerve impulses modulate cells in the brain stem, at the dorsal
motor nucleus of the vagus, from which efferent preganglionic
parasympathetic impulses originate. Axons from these cells, which
comprise the visceromotor component of the vagus nerve, form
an “inflammatory reflex” that feeds back to the periphery to
regulate inflammatory signaling events.*' Although the mech-
anisms by which cholinergic signals from the CNS regulate
immune cells in the periphery are incompletely understood,
recent evidence has provided some mechanistic insight. The
first line of evidence to support this idea is the observation that
vagal stimulation reduces proinflammatory cytokine produc-
tion from the spleen in several experimental models systems.?
This effect is dependent on both the vagal efferent signals and,
in part, splenic catecholaminergic nerve fibers that originate in
the celiac plexus and that terminate in a T-cell-rich area of the
spleen. Interestingly, these signals propagated by adrenergic
nerves result in measurable increases in acetylcholine (ACh)
levels in the spleen. In addition, the resident immune cells in
the spleen require the expression of cholinergic receptors,

specifically a7 nicotinic acetylcholine receptors (007nAChR),
for the suppression of cytokine synthesis.** How is this effect
mediated? The apparent source of ACh is choline-acetyltrans-
ferase—expressing T cells, which compose 2% to 3% of CD4*
T cells in the spleen and are capable of ACh production. Data
also indicate that the vagus nerve may regulate inflammation in
tissues that it directly innervates.

Neuroendocrine Response to Injury

Traumatic injury results in complex neuroendocrine signaling
from the brain that serves to enhance immune defense and rap-
idly mobilize substrates necessary to meet essential energy and
structural needs. The two principle neuroendocrine pathways
that orchestrate the host response are the hypothalamic-
pituitary-adrenal (HPA) axis, which results in the release of
glucocorticoid hormones, and the sympathetic nervous sys-
tem, which results in release of the catecholamines, epineph-
rine, and norepinephrine. Virtually every hormone of the HPA
axis influences the physiologic response to injury and stress
(Table 2-3), but some with direct influence on the inflamma-
tory response or immediate clinical impact are highlighted here,
including growth hormone (GH), macrophage inhibitory factor
(MIF), aldosterone, and insulin.

The Hypothalamic-Pituitary-Adrenal Axis. One of the main
mechanisms by which the brain responds to injury-associated
stress is through activation of the HPA axis. Following injury,
corticotrophin-releasing hormone (CRH) is secreted from the
paraventricular nucleus (PVN) of the hypothalamus. This
action is mediated in part by circulating cytokines produced as
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Hormones regulated by the hypothalamus, pituitary,
and autonomic system

Hypothalamic Regulation
Corticotropin-releasing hormone
Thyrotropin-releasing hormone

Growth hormone-releasing hormone
Luteinizing hormone-releasing hormone

Anterior Pituitary Regulation
Adrenocorticotropic hormone
Cortisol

Thyroid-stimulating hormone
Thyroxine

Triiodothyronine

Growth hormone
Gonadotrophins

Sex hormones

Insulin-like growth factor
Somatostatin

Prolactin

Endorphins

Posterior Pituitary Regulation
Vasopressin
Oxytocin

Autonomic System
Norepinephrine
Epinephrine
Aldosterone

Renin-Angiotensin System
Insulin

Glucagon

Enkephalins

Cholesterol

ACTH ——H

aresult of the innate immune response to injury. These include
TNF-a, IL-1p, IL-6, and the type I IFNs (IFN-0/f). Cytokines
that are produced as a result of the adaptive immune response
(IL-2 and IFN-y) are also capable of increasing cortisol release.
Direct neural input via afferent vagal fibers that interconnect
with neurons projecting to the hypothalamus can also trigger
CRH release. CRH acts on the anterior pituitary to stimulate
the secretion of adrenocorticotropin hormone (ACTH) into the
systemic circulation. Interestingly, the cytokines that act on the
hypothalamus are also capable of stimulating ACTH release
from the anterior pituitary so that marked elevations in ACTH
and in cortisol can occur that are proportional in magnitude
to the injury severity. Additionally, pain, anxiety, vasopres-
sin, angiotensin II, cholecystokinin, vasoactive intestinal pep-
tide, and catecholamines all contribute to ACTH release in the
injured patient.

ACTH acts on the zona fasciculata of the adrenal glands
to synthesize and secrete glucocorticoids (Fig. 2-3). Cortisol is
the major glucocorticoid in humans and is essential for survival
during significant physiologic stress. The resulting increase in
cortisol levels following trauma have several important anti-
inflammatory actions.

Cortisol elicits its many actions through a cytosolic recep-
tor, the glucocorticoid receptor (GR). Because it is lipid soluble,
cortisol can diffuse through the plasma membrane to interact
with its receptor, which is sequestered in the cytoplasm in a com-
plex with heat shock proteins (Fig. 2-4). Upon ligand binding,
the GR is activated and can employ a number of mechanisms
to modulate proinflammatory gene transcription and signaling
events, with a “net” anti-inflammatory effect.* For example, the
activated GR complex can interact with transcription factors to
sequester them in the cytoplasm, promote their degradation, or
inhibit them through other mechanisms. Affected target genes
include proinflammatory cytokines, growth factors, adhesion
molecules, and nitric oxide. In addition, glucocorticoids can
negatively affect the access of the transcription factor, NF-«xB,

Progesterone

17-0-OH-progesterone

11-Deoxycorticosterone

Corticosterone

11-Deoxycortisol

Aldosterone Cortisol

Mineralocorticoid Gilucocorticoid

17-0-OH-Pregnenolone

Dehydroepiandrosterone

Androstenedione

Figure 2-3. Steroid synthesis from
cholesterol. Adrenocorticotropic hor-
mone (ACTH) is a principal regulator
of steroid synthesis. The end products
are mineralocorticoids, glucocorti-
coids, and sex steroids.

Testosterone

Estradiol

Sex steroids
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Figure 2-4. Simplified schematic of
steroid transport into the nucleus. Ste-
roid molecules (S) diffuse readily across
cytoplasmic membranes. Intracellu-
larly, the receptors (R) are rendered
inactive by being coupled to heat shock
protein (HSP). When S and R bind, HSP
dissociates, and the S-R complex enters
the nucleus, where the S-R complex
induces DNA transcription, resulting in
protein synthesis. mRNA = messenger
RNA.

/Protein synthesis /

to the promoter regions of its target genes via a mechanism that
involves histone deacetylase 2. In this way, glucocorticoids can
inhibit a major mechanism by which TLR ligation induces proin-
flammatory gene expression.’ The GR complex can also bind to
specific nucleotide sequences (termed glucocorticoid response
elements) to promote the transcription of genes that have anti-
inflammatory functions. These include IL-10 and IL-1 receptor
antagonist. Further, GR complex activation can indirectly influ-
ence TLR activity via an interaction with signaling pathways
such as the mitogen-activated protein kinase and transforming
growth factor—activated kinase-1 (TAK1) pathways. Finally, a
recent report demonstrated that the GR complex can target both
suppressor of cytokine signaling 1 (SOCS1) and type 1 IFNs to
regulate TLR-induced STAT1 activation.*

Adrenal insufficiency represents a clinical syndrome high-
lighted largely by inadequate amounts of circulating cortisol
and aldosterone. Classically, adrenal insufficiency is described
in patients with atrophic adrenal glands caused by exogenous
steroid administration who undergo a stressor such as surgery.
These patients subsequently manifest signs and symptoms such
as tachycardia, hypotension, weakness, nausea, vomiting, and
fever. Critical illness may be associated with a relative adrenal
insufficiency such that the adrenal gland cannot mount an effec-
tive cortisol response to match the degree of injury. More recently,
investigators have determined that critical illness-associated
cortisol insufficiency in trauma patients occurs more frequently
than previously thought.*” It has a bimodal presentation in which
the patient is at increased risk both early following the injury-
associated inflammatory response and in a delayed fashion, with
sepsis being the initiating event. Laboratory findings in adre-
nal insufficiency include hypoglycemia from decreased gluco-
neogenesis, hyponatremia from impaired renal tubular sodium
resorption, and hyperkalemia from diminished kaliuresis. Rig-
orous testing to establish the diagnosis includes monitoring
of basal and ACTH-stimulated cortisol levels, both of which
are lower than normal during adrenal insufficiency. Treatment
strategies remain controversial; however, they include low-dose
steroid supplementation.®

Macrophage Inhibitory Factor Modulates Cortisol Func-
tion. Macrophage inhibitory factor (MIF) is a proinflammatory

cytokine expressed by a variety of cells and tissues, including
the anterior pituitary, macrophages, and T lymphocytes. Sev-
eral important functions of MIF in innate and adaptive immune
responses and in inflammation have been described, support-
ing the idea that MIF may function to counteract the anti-
inflammatory activity of glucocorticoids.* For example, MIF
has been reported to play a central role in the exacerbation of
inflammation associated with acute lung injury, where it has
been detected in the affected lungs and in alveolar macro-
phages. MIF has also been reported to upregulate the expres-
sion of TLR4 in macrophages.* Finally, an early increase in
plasma MIF has been detected in severely injured patients
and was found to correlate with NF-kB translocation and
respiratory burst in polymorphonuclear lymphocytes (PMNs)
derived from severely injured patients. Further, nonsurvivors
were shown to have higher serum MIF concentrations early
after injury than survivors.*' These data suggest that targeting
MIF after injury may be beneficial in preventing early PMN
activation and subsequent organ failure in severely injured
patients.

Growth Hormone, Insulin-Like Growth Factor, and Ghrelin.
Growth hormone (GH) is a neurohormone expressed primar-
ily by the pituitary gland that has both metabolic and immuno-
modulatory effects. GH promotes protein synthesis and insulin
resistance and enhances the mobilization of fat stores. GH secre-
tion is upregulated by hypothalamic GH-releasing hormone
and downregulated by somatostatin. GH primarily exerts its
downstream effects through direct interaction with GH recep-
tors and through the enhanced hepatic synthesis of insulin-like
growth factor (IGF)-1, an anabolic growth factor that is known
to improve the metabolic rate, gut mucosal function, and protein
loss after traumatic injury. Less than 5% of IGF-1 circulates free
in the plasma, with the remainder bound principally to one of
six IGF-binding proteins (IGFBPs), the majority to IGFBP-3. In
the liver, IGF stimulates protein synthesis and glycogenesis; in
adipose tissue, it increases glucose uptake and lipid utilization;
and in skeletal muscles, it mediates glucose uptake and pro-
tein synthesis. In addition to its effects on cellular metabolism,
GH enhances phagocytic activity of immunocytes through
increased lysosomal superoxide production. It also increases the
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proliferation of T-cell populations.*> The catabolic state that fol-
lows severe injury has been linked to the suppression of the GH-
IGF-IGFBP axis, as critical illness is associated with decreased
circulating IGF levels. Not surprising, the administration of
exogenous recombinant human GH (thGH) has been studied in
a prospective, randomized trial of critically ill patients where it
was associated with increased mortality, prolonged ventilator
dependence, and increased susceptibility to infection.** More
recently, circulating GH levels were examined on admission
in 103 consecutive critically ill adult patients. In this study,
circulating GH levels were about seven-fold increased in the 24
nonsurvivors when compared with survivors, and GH level was
an independent predictor of mortality, along with the APACHE
II/SAPS II scores. In distinct contrast, the effect of rhGH admin-
istration in severely burned children, both acutely and following
prolonged treatment, has been proven to be beneficial. Pediatric
burn patients receiving thGH demonstrated markedly improved
growth and lean body mass, whereas hypermetabolism was sig-
nificantly attenuated.* This finding was associated with signifi-
cant increases in serum GH, IGF-1, and IGFBP-3.

Ghrelin, a natural ligand for the GH-secretagogue receptor
la (GHS-R1a), is an appetite stimulant that is secreted by the
stomach. GHS-R1a is expressed in a variety of tissues in differ-
ent concentrations including the immune cells, B and T cells, and
neutrophils. Ghrelin seems to play a role in promoting GH secre-
tion and in glucose homeostasis, lipid metabolism, and immune
function. In a rodent gut ischemia/reperfusion model, ghrelin
administration inhibited proinflammatory cytokine release,
reduced neutrophil infiltration, ameliorated intestinal barrier
dysfunction, attenuated organ injury, and improved survival. It
is interesting that this effect was dependent on an intact vagus
nerve and that intracerebroventricular injection of ghrelin was
also protective.” These data suggest that the effect of ghrelin is
mediated via the CNS, most likely through the “cholinergic anti-
inflammatory pathway.” More recently, high ghrelin levels were
demonstrated in critically ill patients as compared to healthy
controls, independent of the presence of inflammatory markers.
Moreover, the high ghrelin levels were a positive predictor of
intensive care unit survival in septic patients, matching previous
results from animal models.

The Role of Catecholamines in Postinjury Inflammation.
Injury-induced activation of the sympathetic nervous system
results in secretion of ACh from the preganglionic sympathetic
fibers innervating the adrenal medulla. The adrenal medulla is a
special case of autonomic innervation and is considered a modi-
fied postganglionic neuron. Thus, ACh signaling to the resident
chromaffin cells ensures that a surge of epinephrine (EPI) and
norepinephrine (NE) release into the circulation takes place in a
ratio that is tightly regulated by both central and peripheral mech-
anisms. Circulating levels of EPI and NE are three- to four-fold
elevated, an effect that persists for an extended time. The release
of EPI can be modulated by transcriptional regulation of phenyl-
ethanolamine N-methyltransferase (PNMT), which catalyzes the
last step of the catecholamine biosynthesis pathway methylating
NE to form EPI. PNMT transcription, a key step in the regulation
of EPI production, is activated in response to stress and tissue
hypoxia by hypoxia-inducible factor 1ot (HIF1A).
Catecholamine release almost immediately prepares the
body for the “fight or flight” response with well-described
effects on the cardiovascular and pulmonary systems and on
metabolism. These include increased heart rate, myocardial con-
tractility, conduction velocity, and blood pressure; the redirection

of blood flow to skeletal muscle; increased cellular metabolism
throughout the body; and mobilization of glucose from the liver
via glycogenolysis, gluconeogenesis, lipolysis, and ketogen-
esis. To compound the resulting hyperglycemia, insulin release
is decreased mainly through the stimulation of a-adrenergic
pancreatic receptors. Hyperglycemia, as will be discussed later,
contributes to the proinflammatory response and to further mito-
chondrial dysfunction.

The goal of this well-orchestrated catecholamine response
is to re-establish and maintain the systems’ homeostasis, includ-
ing the innate immune system. Circulating catecholamines can
directly influence inflammatory cytokine production.*® Data
indicate that basal EPI levels condition the activity and respon-
siveness of cytokine-secreting cells, which may explain large
interindividual variability in innate cytokine profiles observed
following injury. Epinephrine infusion at higher doses has been
found to inhibit production of TNF-a in vivo and to enhance the
production of the anti-inflammatory cytokine IL-10.*” Addition-
ally, in vitro studies indicate that stress levels of glucocorticoids
and EPI, acting in concert, can inhibit production of IL-12, a
potent stimulator of Thl responses. Further, they have been
shown in vitro to decrease Th1 cytokine production and increase
Th2 cytokine production to a significantly greater degree com-
pared to either adrenal hormone alone. Thus, catecholamines
secreted from the adrenal gland, specifically EPI, play a role in
both innate proinflammatory cytokine regulation and adaptive
Th responses, and may act in concert with cortisol during the
injury response to modulate cytokine activity.*

How are these effects explained? It is well established that
a variety of human immune cells (e.g., mononuclear cells, mac-
rophages, granulocytes) express adrenergic receptors that are
members of the family of G-protein—coupled receptors that act
through the activation of intracellular second messengers such
as cyclic adenosine monophosphate (cAMP) and calcium ion
influx (discussed in more detail later). These second messengers
can regulate a variety of immune cell functions, including the
release of inflammatory cytokines and chemokines.

The sympathetic nervous system also has direct immune-
modulatory properties via its innervation of lymphoid tissues
that contain resting and activated immune cells. With stimu-
lation of these postganglionic nerves, NE is released where it
can interact with B,-adrenergic receptors expressed by CD4* T
and B lymphocytes, many of which also express o,-adrenergic
receptors. Additionally, endogenous catecholamine expres-
sion has been detected in these cells, as has the machinery
for catecholamine synthesis. For example, human peripheral
blood mononuclear cells contain inducible mRNA for the
catecholamine-generating enzymes, tyrosine-hydroxylase and
dopamine-B-hydroxylase, and data suggest that cells can regu-
late their own catecholamine synthesis in response to extracel-
lular cues. Exposure of peripheral blood mononuclear cells to
NE triggers a distinct genetic profile that indicates a modulation
of Th cell function. What the net effect of dopamine, NE, and
EPI synthesis by circulating and resident immune cells may be
relative to that secreted by the adrenal medulla is not clear and
is an area that would certainly benefit from ongoing research
efforts to identify novel therapeutic targets.

Aldosterone. Aldosterone is a mineralocorticoid released
by the zona glomerulosa of the adrenal cortex. It binds to the
mineralocorticoid receptor (MR) of principal cells in the col-
lecting duct of the kidney where it can stimulate expression of
genes involved in sodium reabsorption and potassium excretion



to regulate extracellular volume and blood pressure. MRs have
also been shown to have effects on cell metabolism and immu-
nity. For example, recent studies show aldosterone interferes
with insulin signaling pathways and reduces expression of the
insulin-sensitizing factors, adiponectin and peroxisome prolif-
erator activated receptor-y (PPAR-Y), which contribute to insu-
lin resistance. In the immune system, mononuclear cells, such
as monocytes and lymphocytes, have been shown to possess
an MR that binds aldosterone with high specificity, regulating
sodium and potassium flux, as well as plasminogen activator
inhibitor-1 and p22 phox expression, in these cells.* Further,
aldosterone inhibits cytokine-mediated NF-xB activation in
neutrophils, which also possess a functional MR.

Insulin. Hyperglycemia and insulin resistance are hallmarks
of injury and critical illness due to the catabolic effects of cir-
culating mediators, including catecholamines, cortisol, gluca-
gon, and GH. The increase in these circulating proglycemic
factors, particularly EPI, induces glycogenolysis, lipolysis, and
increased lactate production independent of available oxygen
in a process that is termed “aerobic glycolysis.” Although there
is an increase in insulin production at the same time, severe
stress is frequently associated with insulin resistance, leading
to decreased glucose uptake in the liver and the periphery con-
tributing to acute hyperglycemia. Insulin is a hormone secreted
by the pancreas, which mediates an overall host anabolic state
through hepatic glycogenesis and glycolysis, peripheral glucose
uptake, lipogenesis, and protein synthesis.®

The insulin receptor (IR) is widely expressed and con-
sists of two isoforms, which can form homo- or heterodimers
with insulin binding. Dimerization leads to receptor autophos-
phorylation and activation of intrinsic tyrosine kinase activity.
Downstream signaling events are dependent on the recruitment
of the adaptor proteins, insulin receptor substrate (IRS-1), and
She to the IR. Systemic insulin resistance likely results from
proinflammatory signals, which modulate the phosphorylation
of IRS-1 to affect its function.

Hyperglycemia during critical illness is predictive of
increased mortality in critically ill trauma patients.’' It can
modulate the inflammatory response by altering leukocyte func-
tions, and the resulting decreases in phagocytosis, chemotaxis,
adhesion, and respiratory burst activities are associated with an
increased risk for infection. In addition, glucose administration
results in a rapid increase in NF-xB activation and proinflamma-
tory cytokine production. Insulin therapy to manage hypergly-
cemia has grown in favor and has been shown to be associated
with both decreased mortality and a reduction in infectious
complications in select patient populations. However, the trend
toward tight glycemic control in the intensive care unit failed
to show benefit when examined in several reviews.>> Thus, the
ideal blood glucose range within which to maintain critically ill
patients and to avoid hypoglycemia has yet to be determined.

THE CELLULAR STRESS RESPONSES

Reactive Oxygen Species and the Oxidative

Stress Response

Reactive oxygen and nitrogen species (ROS and RNS, respec-
tively) are small molecules that are highly reactive due to the
presence of unpaired outer orbit electrons. They can cause cel-
lular injury to both host cells and invading pathogens through
4> the oxidation of cell membrane substrates. Oxygen radicals

are produced as a by-product of oxygen metabolism in the mito-
chondria as well as by processes mediated by cyclooxygenases,
NADPH oxidase (NOX), and xanthine oxidase. The main areas
of ROS production include mitochondrial respiratory chain,
peroxisomal fatty acid metabolism, cytochrome P450 reactions,
and the respiratory burst of phagocytic cells. In addition, protein
folding in the endoplasmic reticulum can also result in the for-
mation of ROS.>* Potent oxygen radicals include oxygen, super-
oxide, hydrogen peroxide, and hydroxyl radicals. RNS include
NO and nitrite. The synthesis of ROS is regulated at several
checkpoints and via several signaling mechanisms, including
Ca?* signaling, phosphorylation, and small G protein activation,
which influence both the recruitment of the molecules required
for NOX function and the synthesis of ROS in the mitochon-
dria. NOX activation is triggered by a number of inflammatory
mediators (e.g., TNF, chemokines, lysophospholipids, comple-
ment, and leukotrienes). Host cells are protected from the dam-
aging effects of ROS through a number of mechanisms. The
best described of these is via the upregulation and/or activation
of endogenous antioxidant proteins. However, pyruvate kinase
also provides negative feedback for ROS synthesis, as do mol-
ecules that react nonenzymatically with ROS. Under normal
physiologic conditions, ROS production is balanced by these
antioxidative strategies. In this context, ROS can act effectively
as signaling molecules through their ability to modulate cyste-
ine residues by oxidation and thus influence the functionality of
target proteins.>* This has recently been described as a mecha-
nism in the regulation of phosphatases. ROS can also contribute
to transcription activity both indirectly, through its effects on
transcription factor lifespan, and directly, through the oxidation
of DNA. An important role for ROS has been well described
in phagocytes, which use these small molecules for pathogen
killing. Recent data, however, indicate that ROS may mediate
inflammasome activation by diverse agonists.> In addition,
ROS appear to be involved in adaptive immunity. They have
been described as a prime source of phosphatase activation in
both B and T lymphocytes, which can regulate the function of
key receptors and intracellular signaling molecules in these cells
by affecting phosphorylation events.

The Heat Shock Response

Heat shock proteins (HSPs) are a group of intracellular proteins
that are increasingly expressed during times of stress, such as
burn injury, inflammation, oxidative stress, and infection. HSPs
are expressed in the cytoplasm, nucleus, endoplasmic reticulum,
and mitochondria, where they function as molecular chaperones
that help monitor and maintain appropriate protein folding.>
HSPs accomplish this task through the promotion of protein
refolding, the targeting of misfolded proteins for degradation,
and the assistance of partially folded proteins to appropriate
membrane compartments. HSPs bind also bind foreign proteins
and thereby function as intracellular chaperones for ligands such
as bacterial DNA and endotoxin. HSPs are presumed to protect
cells from the effects of traumatic stress and, when released by
damaged cells, alert the immune system of the tissue damage.
However, depending on their location and the type of immune
cell in which they are expressed, HSPs may exert proinflamma-
tory immune activating signals or anti-inflammatory immune
dampening signals (Table 2-4).

The Unfolded Protein Response
Secreted, membrane-bound, and organelle-specific proteins fold
in the lumen of the endoplasmic reticulum (ER) where they also
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The immunomodulatory functions of heat shock proteins (HSPs)
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CELL LOCATION RECOGNIZED AS DAMP? |IMMUNOMODULATORY FUNCTION
HSP90 Cytoplasm, endoplasmic | May act as DAMP Binds and optimizes RNA polymerase II action to regulate gene
reticulum chaperone to activate transcription
Can function both inside |  innate immune Stabilizes glucocorticoid receptor in the cytoplasm
and outside the cell response Important for processing and membrane expression of TLR
Chaperones include IKK
Facilitates antigen presentation to dendritic cells
HSP70 Can function both inside | Exogenous HSP70 Can have anti-inflammatory actions when expression is
and outside the cell elicits cellular increased
Endoplasmic reticulum calcium flux, NF-xB | Inhibits TLR-mediated cytokine production via NF-xB
homolog is BiP activation, cytokine | Reduces dendritic cell capacity for T-cell stimulation
production BiP sequesters proteins important to the unfolded protein response
HSP60 Mitochondria Exogenous HSP60 Plays a role in intracellular protein trafficking
inhibits NF-xB Modulates cytokine synthesis
activation

BiP = binding immunoglobulin protein; DAMP = damage-associated molecular pattern; IKK = IxB kinase; NF-kB, nuclear factor-kB; TLR = toll-like

receptor

receive their posttranslational modifications. Millimolar cal-
cium concentrations are required to maintain the normal cel-
lular protein folding capacity. Cellular stress decreases calcium
concentration in the ER, disrupting the machinery required for
this process and leading to the accumulation of misfolded or
unfolded proteins. These occurrences are sensed by a highly
conserved array of signaling proteins in the ER, including ino-
sitol requiring enzyme 1 (IRE1), protein kinase RNA (PKR)-
like ER kinase (PERK), and activating transcription factor 6
(ATF6). Together, this complex generates the unfolded protein
response (UPR), a mechanism by which ER distress signals
are sent to the nucleus to modulate transcription in an attempt
to restore homeostasis. Prolongation of the UPR, indicative of
irreversible cellular damage, can result in cell death. Genes acti-
vated in the UPR result not only in the inhibition of translation,
but also other potentially immunomodulatory events including
induction of the acute-phase response, activation of NF-xB, and
the generation of antibody-producing B cells.*®

Burn injury leads to the marked reduction in ER calcium
levels and activation of UPR sensing proteins. Moreover, recent
data in a series of burn patients strongly link the UPR to insulin
resistance and hyperglycemia in these patients.” Thus, a better
understanding of the UPR, which is triggered by severe inflam-
mation, may allow the identification of novel therapeutic targets
for injury-associated insulin resistance.

Autophagy

Under normal circumstances, cells need to have a way of dis-
posing of damaged organelles and debris aggregates that are too
large to be managed by proteasomal degradation. In order to
accomplish this housekeeping task, cells use a process referred
to as “macroautophagy” (autophagy), which is thought to have
originated as a stress response.® The steps of autophagy include
the engulfment of cytoplasm/organelle by an “isolation mem-
brane,” which is also called a phagophore. The edges of the
phagophore then fuse to form the autophagosome, a double-
membraned vesicle that sequesters the cytoplasmic material and
that is a characteristic feature of autophagy. The autophagosome
then fuses with a lysosome to form an autolysosome where the

contents, together with the inner membrane, are degraded. This
process is controlled by numerous autophagy-specific genes and
by the specific kinase, mammalian target of rapamycin (mTOR).

As noted earlier, autophagy is a normal cellular process
that occurs in quiescent cells for cellular maintenance. How-
ever, under conditions of hypoxia and low cellular energy,
autophagy is induced in an attempt to provide additional nutri-
ents for energy production. The induction of autophagy pro-
motes a shift from aerobic respiration to glycolysis and allows
cellular components of the autophagosome to be hydrolyzed to
energy substrates. Increased levels of autophagy are typical in
activated immune cells and are a mechanism for the disposal of
ROS and phagocytosed debris.

Recent data support the idea that autophagy may also
play an important role in the immune response.®' Autophagy
is stimulated by Thl cytokines and with activation of TLR in
macrophages, but is inhibited by Th2 cytokines. It is also rec-
ognized as an important regulator of cytokine secretion, particu-
larly those cytokines of the IL-1 family that are dependent on
inflammasome processing for activation. For example, autopha-
gosomes can sequester and degrade pro-IL-1f and inflamma-
some components. In animal models of sepsis, inhibition of
autophagy results in increased proinflammatory cytokine levels
that correlate with increased mortality.®> These data suggest that
autophagy is a protective mechanism whereby the cell can regu-
late the levels of cytokine production.

Apoptosis
Apoptosis (regulated cell death) is an energy-dependent, orga-
nized mechanism for clearing senescent or dysfunctional cells,
including macrophages, neutrophils, and lymphocytes, without
promoting an inflammatory response. This contrasts with cellular
necrosis that results in disorganized intracellular molecule release
with subsequent immune activation and inflammatory response.
Systemic inflammation modulates apoptotic signaling in active
immunocytes, which subsequently influences the inflammatory
response through the loss of effector cells.

Apoptosis proceeds primarily through two pathways:
the extrinsic pathway and the intrinsic pathway. The extrinsic
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Figure 2-5. Signaling pathway for tumor necrosis factor receptor 1 (TNFR-1) (55 kDa) and TNFR-2 (75 kDa) occurs by the recruitment of
several adapter proteins to the intracellular receptor complex. Optimal signaling activity requires receptor trimerization. TNFR-1 initially
recruits TNFR-associated death domain (TRADD) and induces apoptosis through the actions of proteolytic enzymes known as caspases, a
pathway shared by another receptor known as CD95 (Fas). CD95 and TNFR-1 possess similar intracellular sequences known as death domains
(DDs), and both recruit the same adapter proteins known as Fas-associated death domains (FADDs) before activating caspase 8. TNFR-1 also
induces apoptosis by activating caspase 2 through the recruitment of receptor-interacting protein (RIP). RIP also has a functional component
that can initiate nuclear factor-kB (NF-xB) and c-Jun activation, both favoring cell survival and proinflammatory functions. TNFR-2 lacks a
DD component but recruits adapter proteins known as TNFR-associated factors 1 and 2 (TRAF1, TRAF2) that interact with RIP to mediate
NF-xB and c-Jun activation. TRAF2 also recruits additional proteins that are antiapoptotic, known as inhibitor of apoptosis proteins (IAPs).
DED = death effector domain; I-kB = inhibitor of kB; I-kB/NF-kB = inactive complex of NF-kB that becomes activated when the I-xB por-
tion is cleaved; JNK = c-Jun N-terminal kinase; MEKK1 = mitogen-activated protein/extracellular regulatory protein kinase kinase kinase-1;
NIK = NF-kB—-inducing kinase; RAIDD = RIP-associated interleukin-1b-converting enzyme and ced-homologue-1-like protein with death
domain, which activates proapoptotic caspases. (Adapted with permission from Lin E, Calvano SE, Lowry SF. Tumor necrosis factor recep-
tors in systemic inflammation. In: Vincent J-L (series ed), Marshall JC, Cohen J, eds. Update in Intensive Care and Emergency Medicine: Vol. 31:

Immune Response in Critical Illness. Berlin: Springer-Verlag; 2002:365. With kind permission from Springer Science + Business Media.)

pathway is activated through the binding of death receptors
(e.g., Fas, TNFR), which leads to the recruitment of Fas-associ-
ated death domain protein and subsequent activation of caspase
3 (Fig. 2-5). On activation, caspases are the effectors of apop-
totic signaling because they mediate the organized breakdown
of nuclear DNA. The intrinsic pathway proceeds through protein
mediators (e.g., Bcl-2, Bel-2—associated death promoter, Bel-2—
associated X protein, Bim) that influence mitochondrial mem-
brane permeability. Increased membrane permeability leads to
the release of mitochondrial cytochrome C, which ultimately
activates caspase 3 and thus induces apoptosis. These pathways
do not function in a completely autonomous manner, because
there is significant interaction and crosstalk between mediators
of both extrinsic and intrinsic pathways. Apoptosis is modulated
by several regulatory factors, including inhibitor of apoptosis
proteins and regulatory caspases (e.g., caspases 1, 8, 10).
Apoptosis during sepsis may influence the ultimate com-
petency of the acquired immune response. In a murine model
of peritoneal sepsis, increased lymphocyte apoptosis was

associated with mortality, which may be due to a resultant
decrease in IFN-vy release. In postmortem analysis of patients
who expired from overwhelming sepsis, there was an increase
in lymphocyte apoptosis, whereas macrophage apoptosis did not
appear to be affected. Clinical trials have observed an associa-
tion between the degree of lymphopenia and disease severity in
sepsis. In addition, after the phagocytosis of apoptotic cells by
macrophages, anti-inflammatory mediators such as IL-10 are
released that may exacerbate immune suppression during sep-
sis. Neutrophil apoptosis is inhibited by inflammatory products,
including TNF, IL-1, IL-3, IL-6, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), and IFN-y. This retardation
in regulated cell death may prolong and exacerbate secondary
injury through neutrophil free radical release as the clearance of
senescent cells is delayed.®

Necroptosis
Cellular necrosis refers to the premature uncontrolled death of
cells in living tissue typically caused by accidental exposure
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to external factors, such as ischemia, inflammation, or trauma,
which result in extreme cellular stress. Necrosis is character-
ized by the loss of plasma membrane integrity and cellular col-
lapse with extrusion of cytoplasmic contents, but the cell nuclei
typically remain intact. Recent data have defined a process by
which necrosis occurs through a series of well-described steps
that are dependent on a signaling pathway that involves the
receptor-interacting protein kinase (RIPK) complex. Termed
“necroptosis,” it occurs in response to specific stimuli, such as
TNF- and TLR-mediated signals.%* For example, ligation of the
TNF receptor 1 (TNFR1) under conditions in which caspase 8
is inactivated (e.g., by pharmacologic agents) results in the over-
generation of ROS and a metabolic collapse. The net result is
programmed necrosis (necroptosis). The effect of cell death by
necroptosis on the immune response is not yet known. However,
it is likely that the “DAMP” signature that occurs in response to
necroptotic cell death is an important contributor to the systemic
inflammatory response. Evidence to support this concept was pro-
vided by investigators who examined the role of necroptosis in
murine models of sepsis. They demonstrated that Ripk3~~ mice
were capable of recovering body temperature better, exhibited
lower circulating DAMP levels, and survived at higher rates than
their wild-type littermates.5> These data suggest that the cellular
damage that occurs with programmed necrosis exacerbates the
sepsis-associated systemic inflammatory response.

MEDIATORS OF INFLAMMATION

Cytokines
Cytokines are a class of protein signaling compounds that are
essential for both innate and adaptive immune responses. Cyto-
kines mediate a broad sequence of cellular responses,
5 including cell migration, DNA replication, cell turnover,
and immunocyte proliferation (Table 2-5). When functioning
locally at the site of injury and infection, cytokines mediate
the eradication of invading microorganisms and also promote
wound healing. However, an exaggerated proinflammatory
cytokine response to inflammatory stimuli may result in hemo-
dynamic instability (i.e., septic shock) and metabolic derange-
ments (i.e., muscle wasting). Anti-inflammatory cytokines also
are released, at least in part, as an opposing influence to the
proinflammatory cascade. These anti-inflammatory mediators
may also result in immunocyte dysfunction and host immuno-
suppression. Cytokine signaling after an inflammatory stimulus
can best be represented as a finely tuned balance of opposing
influences and should not be oversimplified as a “black and
white” proinflammatory/anti-inflammatory response. A brief
discussion of the important cytokine molecules is included.

Tumor Necrosis Factor-o.. TNF-o is a cytokine that is rap-
idly mobilized in response to stressors such as injury and infec-
tion and is a potent mediator of the subsequent inflammatory
response. TNF is primarily synthesized by immune cells, such
as macrophages, dendritic cells, and T lymphocytes, but nonim-
mune cells have also been reported to secrete low amounts of
the cytokine.

TNF is generated in a precursor form called transmem-
brane TNF that is expressed as a trimer on the surface of acti-
vated cells. After being processed by the metalloproteinase
TNF-a—converting enzyme (TACE; also known as ADAM-17),
a smaller, soluble form of TNF is released, which mediates
its biologic activities through type 1 and 2 TNF receptors

(TNFR1; TNFR2).%¢ Transmembrane TNF-¢, also binds to
TNFR1 and TNFR2, but its biologic activities are likely medi-
ated through TNFR2. While the two receptors share homology
in their ligand binding regions, there are distinct differences
that regulate their biologic function. For example, TNFR1 is
expressed by a wide variety of cells but is typically seques-
tered in the Golgi complex. Following appropriate cell signaling,
TNFR1 is mobilized to the cell surface, where it sensitizes cells to
TNEF, or it can be cleaved from the surface in the form of a soluble
receptor that can neutralize TNF.% In contrast, TNFR2 expression
is confined principally to immune cells where it resides in the
plasma membrane. Both TNF receptors are capable of binding
intracellular adaptor proteins that lead to activation of complex
signaling processes and mediate the effects of TNF.

Although the circulating half-life of soluble TNF is brief,
it acts upon almost every differentiated cell type, eliciting a wide
range of important cellular responses. In particular, TNF elicits
many metabolic and immunomodulatory activities. It stimulates
muscle breakdown and cachexia through increased catabolism,
insulin resistance, and redistribution of amino acids to hepatic
circulation as fuel substrates. TNF also mediates coagulation
activation, cell migration, and macrophage phagocytosis, and
enhances the expression of adhesion molecules, prostaglandin
E,, platelet-activating factor, glucocorticoids, and eicosanoids.
Recent studies indicate that a significant early TNF response
after trauma may be associated with improved survival in these
patients.®

Interleukin-1. IL-1a and IL-1f, which are encoded by two
distinct [L-1 genes, were the first described members of the IL-1
cytokine family. Currently, the family has expanded to 11 mem-
bers, with the three major forms being IL-1ct, IL-1f, and IL-1
receptor antagonist (IL-1Ra). IL-1at and IL-1P share similar
biologic functions, but have limited sequence homology. They
use the same cell surface receptor, termed IL-1 receptor type 1
(IL-1R1), which is present on nearly all cells. Although IL-1Ro
is synthesized and released in response to the same stimuli that
lead to IL-1 production, it lacks the necessary domain to form
a bioactive complex with the IL-1 receptor when bound. Thus,
IL-1Ra serves as a competitive antagonist for the receptor.
IL-1R activation initiates signaling events, which result in the
synthesis and release of a variety of inflammatory mediators.
The IL-1o precursor is constitutively expressed and stored
in a variety of healthy cells, including epithelium, endothelium,
and platelets. Both the precursor and mature forms of IL-1c
are active. With appropriate signals, IL-1o0 moves to the cell
membrane where it can act on adjacent cells bearing the IL-1
receptor. It can also be released directly from injured cells. In
this way, IL-1a is believed to function as a DAMP, which pro-
motes the synthesis of inflammatory mediators, such as che-
mokines and eicosanoids. These mediators attract neutrophils
to the injured site, facilitate their exit from the vasculature, and
promote their activation. Once they have reached their target,
neutrophil lifespan is extended by the presence of IL-1c.%
IL-1f, a multifunctional proinflammatory cytokine, is not
detectable in healthy cells. Rather, its expression and synthesis
occur in a more limited number of cells, such as monocytes,
tissue macrophages, and dendritic cells, following their acti-
vation. IL-1P expression is tightly regulated at multiple levels
(e.g., transcription, translation, and secretion), although the
rate-limiting step is its transcription. IL-1p is synthesized and
released in response to inflammatory stimuli, including cytokines



Cytokines and their sources

CYTOKINE

SOURCE

COMMENT

TNF

Macrophages/monocytes
Kupffer cells
Neutrophils

NK cells

Astrocytes
Endothelial cells

T lymphocytes
Adrenal cortical cells
Adipocytes
Keratinocytes
Osteoblasts

Mast cells

Dendritic cells

Among earliest responders after injury; half-life <20 min; activates TNF receptors 1
and 2; induces significant shock and catabolism

IL-1

Macrophages/monocytes
B and T lymphocytes
NK cells

Endothelial cells
Epithelial cells
Keratinocytes
Fibroblasts
Osteoblasts
Dendritic cells
Astrocytes

Adrenal cortical cells
Megakaryocytes
Platelets

Neutrophils
Neuronal cells

Two forms (IL-1 o and IL-1 B); similar physiologic effects as TNF; induces fevers
through prostaglandin activity in anterior hypothalamus; promotes B-endorphin release
from pituitary; half-life <6 min

1IL-2

T lymphocytes

Promotes lymphocyte proliferation, immunoglobulin production, gut barrier
integrity; half-life <10 min; attenuated production after major blood loss leads to
immunocompromise; regulates lymphocyte apoptosis

IL-3

T lymphocytes
Macrophages
Eosinophils
Mast cells

IL-4

T lymphocytes
Mast cells
Basophils
Macrophages
B lymphocytes
Eosinophils
Stromal cells

Induces B-lymphocyte production of IgG4 and IgE, mediators of allergic and
anthelmintic response; downregulates TNF, IL-1, IL-6, IL-8

IL-5

T lymphocytes
Eosinophils
Mast cells
Basophils

Promotes eosinophil proliferation and airway inflammation

IL-6

Macrophages

B lymphocytes
Neutrophils
Basophils

Mast cells
Fibroblasts
Endothelial cells
Astrocytes

Elicited by virtually all immunogenic cells; long half-life; circulating levels
proportional to injury severity; prolongs activated neutrophil survival

(Continued)
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Cytokines and their sources (continued)

CYTOKINE | SOURCE COMMENT
Synovial cells
Adipocytes
Osteoblasts
Megakaryocytes
Chromaffin cells
Keratinocytes
1L-8 Macrophages/monocytes | Chemoattractant for neutrophils, basophils, eosinophils, lymphocytes
T lymphocytes
Basophils
Mast cells
Epithelial cells
Platelets
1L-10 T lymphocytes Prominent anti-inflammatory cytokine; reduces mortality in animal sepsis and ARDS
B lymphocytes models
Macrophages
Basophils
Mast cells
Keratinocytes
1L-12 Macrophages/monocytes | Promotes Thl differentiation; synergistic activity with IL-2
Neutrophils
Keratinocytes
Dendritic cells
B lymphocytes
1L-13 T lymphocytes Promotes B-lymphocyte function; structurally similar to IL-4; inhibits nitric oxide and
endothelial activation
IL-15 Macrophages/monocytes | Anti-inflammatory effect; promotes lymphocyte activation; promotes neutrophil
Epithelial cells phagocytosis in fungal infections
1L-18 Macrophages Similar to IL-12 in function; levels elevated in sepsis, particularly gram-positive
Kupffer cells infections; high levels found in cardiac deaths
Keratinocytes
Adrenal cortical cells
Osteoblasts
IFN-y T lymphocytes Mediates IL-12 and IL-18 function; half-life of days; found in wounds 5-7 d after
NK cells injury; promotes ARDS
Macrophages
GM-CSF T lymphocytes Promotes wound healing and inflammation through activation of leukocytes
Fibroblasts
Endothelial cells
Stromal cells
IL-21 T lymphocytes Preferentially secreted by Th2 cells; structurally similar to IL-2 and IL-15; activates
NK cells, B and T lymphocytes; influences adaptive immunity
HMGBI1 Monocytes/lymphocytes High mobility group box chromosomal protein; DNA transcription factor; late
(downstream) mediator of inflammation (ARDS, gut barrier disruption); induces
“sickness behavior”

ARDS = acute respiratory distress syndrome; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN = interferon; Ig = immunoglobulin; IL =
interleukin; NK = natural killer; Th1 = helper T cell subtype 1; Th2 = helper T cell subtype 2; TNF = tumor necrosis factor.

(TNF, IL-18) and foreign pathogens. IL-1co or IL-1J itself can
also induce IL-1P transcription. In contrast to IL-1ot, IL-1J is
synthesized as an inactive precursor molecule. The formation
of mature IL-1B requires the assembly of the inflammasome
complex by the cell and the activation of caspase 1, which is
required for the processing of stored pro-IL-1B. Mature IL-13

is then released from the cell via an unconventional secretory
pathway. IL-1 has a spectrum of proinflammatory effects that
are largely similar to those induced by TNF, and injection of
IL-1P alone is sufficient to induce inflammation. High doses of
either IL-1P or TNF are associated with profound hemodynamic
compromise. Interestingly, low doses of both IL-1f and TNF



combined elicit hemodynamic events similar to those elicited
by high doses of either mediator, which suggests a synergistic
effect.

There are two primary receptor types for IL-1: IL-1R1
and IL-1R2. IL-1R1 is widely expressed and mediates inflam-
matory signaling on ligand binding. IL-1R2 is proteolytically
cleaved from the membrane surface to soluble form on acti-
vation and thus serves as another mechanism for competition
and regulation of IL-1 activity. IL-1ot or IL-1 binds first to
IL-1R1. This is followed by recruitment of a transmembrane
coreceptor, termed the IL-1R accessory protein (IL-1RAcP).
A complex is formed of IL-1R1 plus IL-1 plus the coreceptor.
The signal is initiated with recruitment of the adaptor protein
MyD88 to the toll-IL-1 receptor (TIR) domains of the recep-
tor complex and signal transduction then occurs via intermedi-
ates, which are homologous to the signal cascade initiated by
TLRs. These events culminate in the activation of NF-xB and
its nuclear translocation.™

Interleukin-2. IL-2 is a multifunctional cytokine produced
primarily by CD4* T cells after antigen activation, which plays
a pivotal role in the immune response. Other cellular sources
for IL-2 include CD8* and NK T cells, mast cells, and activated
dendritic cells. Discovered as a T-cell growth factor, IL-2 also
promotes CD8" T-cell and NK cell cytolytic activity and mod-
ulates T-cell differentiation programs in response to antigen.
Thus, IL-2 promotes naive CD4* T-cell differentiation into
T helper 1 (Thl) and T helper 2 (Th2) cells while inhibiting
T helper 17 (Th17) and T follicular helper (Tfh) cell differentia-
tion. Moreover, IL-2 is essential for the development and main-
tenance of T regulatory (Treg) cells and for activation-induced
cell death, thereby mediating tolerance and limiting inappro-
priate immune reactions. The upregulation of IL-2 requires
calcium as well as protein kinase C signaling, which leads to
the activation of transcription factors such as nuclear factor of
activated T cells (NFAT) and NF-xB. MicroRNAs also play a
role in the regulation of IL-2 expression.”!

IL-2 binds to IL-2 receptors (IL-2R), which are expressed
on leukocytes. IL-2Rs are formed from various combinations
of three receptor subunits: IL-2Ra., IL-2R[, and IL-2RY; these
form low-, medium-, and high-affinity forms of the recep-
tor depending on the subunit combination. IL-2RYy has been
renamed the common cytokine receptor Y chain (Y,), which
is now known to be shared by IL-2, IL-4, IL-7, IL-9, IL-15,
and IL-21. Constitutive IL-2 receptor expression is low and is
inducible by T-cell receptor ligation and cytokine stimulation.
Importantly, the transcription of each receptor subunit is indi-
vidually regulated via a complex process to effect tight control
of surface expression. Once the receptor is ligated, the major
IL-2 signaling pathways that are engaged include Janus kinase
(JAK) signal transducer and activator of transcription (STAT),
Shc-Ras-MAPK, and phosphoinositol-3-kinase (PI3K)-AKT.
Partly due to its short half-life of <10 minutes, IL-2 is not read-
ily detectable after acute injury. IL-2 receptor blockade induces
immunosuppressive effects and can be pharmacologically used
for organ transplantation. Attenuated IL-2 expression observed
during major injury or blood transfusion may contribute to the
relatively immunosuppressed state of the surgical patient.”

Interleukin-6. Following burn or traumatic injury, DAMPs
from damaged or dying cells stimulate TLRs to produce IL-6,
a pleiotropic cytokine that plays a central role in host defense.
IL-6 levels in the circulation are detectable by 60 minutes, peak

between 4 and 6 hours, and can persist for as long as 10 days.
Further, plasma levels of IL-6 are proportional to the degree of
injury. In the liver, IL-6 strongly induces a broad spectrum of
acute-phase proteins such as CRP and fibrinogen, among others,
whereas it reduces expression of albumin, cytochrome P450,
and transferrin. In lymphocytes, IL-6 induces B-cell matura-
tion into immunoglobulin-producing cells and regulates Th17/
Treg balance. IL-6 modulates T-cell behavior by inducing the
development of Th17 cells and inhibiting Treg cell differen-
tiation in conjunction with transforming growth factor-p. IL-6
also promotes angiogenesis and increased vascular permeabil-
ity, which are associated with local inflammatory responses. To
date, 10 IL-6 family cytokines have been identified, including
IL-6, oncostatin M, neuropoietin, IL-11, IL-27, and IL-31, all of
which use trans signaling.”

The IL-6 receptor (IL-6R, gp80) is expressed on hepato-
cytes, monocytes, B cells, and neutrophils in humans. However,
many other cells respond to IL-6 through a process known as
trans signaling.” In this case, soluble IL-6Rs (sIL-6R) exist in
the serum and bind to IL-6, forming an IL-6/sIL-6R complex.
The soluble receptor is produced by proteolytic cleavage from
the surface of neutrophils in a process that is stimulated by CRP,
complement factors, and leukotrienes. The IL-6/sIL-6R com-
plex can then bind to the gp130 receptor, which is expressed
ubiquitously on cells. Upon IL-6 stimulation, gp130 transduces
two major signaling pathways: the JAK-STAT3 pathway and
the SHP2-Gab-Ras-Erk-MAPK pathway, which is regulated by
cytoplasmic suppressor of cytokine signaling (SOCS3). These
signaling events can lead to increased expression of adhesion
molecules as well as proinflammatory chemokines and cyto-
kines. High plasma IL-6 levels have been associated with mor-
tality during intra-abdominal sepsis.”

Interleukin-10. We have talked almost exclusively about the
factors that initiate the inflammatory response following cellular
stress or injury. The re-establishment of immune homeostasis
following these events requires the resolution of inflammation
and the initiation of tissue repair processes. IL-10 plays a central
role in this anti-inflammatory response by regulating the dura-
tion and magnitude of inflammation in the host.

The IL-10 family currently has six members including
IL-10, IL-19, IL-20, IL-22, IL-24, and IL-26. IL-10 is produced
by a variety of immune cells of both myeloid and lymphoid
origin. Its synthesis is upregulated during times of stress and
systemic inflammation; however, each cell type that produces
IL-10 does so in response to different stimuli, allowing for tight
control of its expression. IL-10 exerts effects by binding to the
IL-10 receptor (IL-10R), which is a tetramer formed from two
distinct subunits, IL-10R1 and IL-10R2. Specifically, IL-10
binds first to the IL-10R 1 subunit, which then recruits IL-10R2,
allowing the receptor complex to form. Whereas IL-10R2 is
widely expressed, IL-10R1 expression is confined to leuko-
cytes so that this differential expression of the receptor con-
fines the effects of IL-10 to the immune system. Once receptor
ligation occurs, signaling proceeds by the activation of JAK1
and STAT3. In particular, STAT3 in conjunction with IL-10 is
absolutely required for the transcription of genes responsible
for the anti-inflammatory response. IL-10 inhibits the secretion
of proinflammatory cytokines, including TNF and IL-1, partly
through the downregulation of NF-kB, and thereby functions
as a negative feedback regulator of the inflammatory cascade.”
In macrophages, IL-10 suppresses the transcription of 20% of all
lipopolysaccharide (LPS)-induced genes. Further, experimental
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models of inflammation have shown that neutralization of IL-10
increases TNF production and mortality, whereas restitution of
circulating IL-10 reduces TNF levels and subsequent deleteri-
ous effects. Increased plasma levels of IL-10 also have been
associated with mortality and disease severity after traumatic
injury. IL-10 may significantly contribute to the underlying
immunosuppressed state during sepsis through the inhibition
and subsequent anergy of immunocytes. For example, IL-10
produced by Th2 cells directly suppresses Thl cells and can
feedback to suppress Th2 cell activity.”

Interleukin-12. IL-12 is unique among the cytokines in being
the only heterodimeric cytokine. This family, which includes
1L-12, 1L-23, IL-27, and IL-35, consists of an o--chain that is
structurally similar to the IL-6 cytokine and a -chain that is
similar to the class I receptor for cytokines. The individual
IL-12 family members are formed from various combinations of
the o and B subunits. Despite the sharing of individual subunits
and the similarities of their receptors, the IL-12 cytokines have
different biologic functions. IL-12 and IL-23 are considered
proinflammatory, stimulatory cytokines with key roles in the
development of Th1l and Th17 subsets of helper T cells. In con-
trast, both IL-27 and IL-35 appear to have immunoregulatory
functions that are associated with cytokine inhibition in specific
Treg cell populations, particularly the Th17 cells.”® The effects
of these cytokines require specific receptor chains that are also
shared among the cytokines. The complexity of signaling is evi-
denced by the fact that these receptor chains can function both
as dimers and as monomers. Ligation of the IL-12 receptors
initiates signaling events mediated by the JAK-STAT pathway.
IL-12 synthesis and release are increased during endotoxemia
and sepsis.” IL-12 stimulates lymphocytes to increase secretion
of IFN-y with the costimulus of IL-18 and also stimulates NK
cell cytotoxicity and helper T-cell differentiation in this setting.
IL-12 release is inhibited by IL-10. IL-12 deficiency inhibits
phagocytosis in neutrophils. In experimental models of inflam-
matory stress, IL-12 neutralization conferred a mortality benefit
in mice during endotoxemia. However, in a cecal ligation and
puncture model of intraperitoneal sepsis, IL-12 blockade was
associated with increased mortality. Furthermore, later stud-
ies of intraperitoneal sepsis observed no difference in mortal-
ity with IL-12 administration; however, IL-12 knockout mice
exhibited increased bacterial counts and inflammatory cytokine
release, which suggests that IL-12 may contribute to an antibac-
terial response. IL-12 administration in chimpanzees is capable
of stimulating the release of proinflammatory mediators such as
IFN-y and also anti-inflammatory mediators, including IL-10,
soluble TNFR, and IL-1 receptor antagonists. In addition, IL-12
enhances coagulation as well as fibrinolysis.

Interleukin-18. IL-18 is a member of the IL-1 superfamily of
cytokines. First noted as an IFN-y-inducing factor produced by
LPS-stimulated macrophages, IL-18 expression is found both in
immune cells and nonimmune cells at low to intermediate lev-
els. However, activated macrophages and Kupffer cells produce
large amounts of mature IL-18. Similar to IL-1, IL-18 is syn-
thesized and stored as an inactive precursor form (pro-IL-18),
and activation requires processing by caspase 1 in response to
the appropriate signaling. It then exits the cell through a nontra-
ditional secretory pathway. The IL-18 receptor (IL-18R) is com-
posed of two subunits, IL-18Ro. and IL-18R[, and is a member
of the IL-1R superfamily, which is structurally similar in its
cytoplasmic domains to the TLR.

One unique biologic property of IL-18 is the potential, in
conjunction with IL-12, to promote the Thl response to bac-
terial infection. At the same time, exogenous IL-18 can also
enhance the Th2 response and Ig-mediated humoral immunity,
as well as augment neutrophil function. Recent studies suggest
that IL-18 therapy may hold promise as effective therapy in pro-
moting immune recovery after severe surgical stress.%

Interferons. Interferons were first recognized as soluble
mediators that inhibited viral replication through the activa-
tion of specific antiviral genes in infected cells. Interferons are
categorized into three types based on receptor specificity and
sequence homology. The two major types, type I and type II,
are discussed here.

Type I interferons, of which there are 20, include IFN-o,
IFN-f, and IFN-, which are structurally related and bind to a
common receptor, IFN-a receptor. They are likely produced by
most cell types and tissues in response to appropriate pathogens
or DAMP signaling. Type I interferons are expressed in response
to many stimuli, including viral antigens, double-stranded
DNA, bacteria, tumor cells, and LPS. Type I interferons influ-
ence adaptive immune responses by inducing the maturation
of dendritic cells and by stimulating class I major histocom-
patibility complex (MHC) expression. IFN-a and IFN-f also
enhance immune responses by increasing the cytotoxicity of NK
cells both in culture and in vivo. Further, they have been impli-
cated in the enhancement of chemokine synthesis, particularly
those that recruit myeloid cells and lymphoid cells. Thus, IFN/
STAT signaling has important effects on the mobilization, tis-
sue recruitment, and activation of immune cells that compose
the inflammatory infiltrate. In contrast, IFN-I appears to inhibit
inflammasome activity, possibly via IL-10.8!

Many of the physiologic effects observed with increased
levels of IL-12 and IL-18 are mediated through IFN-y. IFN-yis
a type Il interferon that is secreted by various T cells, NK cells,
and antigen-presenting cells in response to bacterial antigens,
IL-2, IL-12, and IL-18. IFN-y stimulates the release of IL-12
and IL-18. Negative regulators of IFN-y include IL-4, IL-10,
and glucocorticoids. IFN-y binding with a cognate receptor
activates the JAK-STAT pathway, leading to subsequent induc-
tion of biologic responses. Macrophages stimulated by IFN-y
demonstrate enhanced phagocytosis and microbial killing and
increased release of oxygen radicals, partly through an NADP-
dependent phagocyte oxidase. IFN-y mediates macrophage
stimulation and thus may contribute to acute lung injury after
major surgery or trauma. Diminished IFN-y level, as seen in
knockout mice, is associated with increased susceptibility to
both viral and bacterial pathogens. In addition, IFN-y promotes
differentiation of T cells to the helper T-cell subtype 1 and also
enhances B-cell isotype switching to immunoglobulin G.%

Receptors of all IFN subtypes belong to the class I of
cytokine receptors and use the JAK-STAT signaling pathway
for nuclear signaling, although different STAT activation (e.g.,
STATI and STAT?2) is favored by individual receptors.

Granulocyte-Macrophage Colony-Stimulating Factor/
Interleukin-3/Interleukin-5. GM-CSF, IL-3, and IL-5
compose a small family of cytokines that regulate the growth
and activation of immune cells. They are largely the products of
activated T cells, which when released stimulate the behavior
of myeloid cells by inducing cytokine expression and antigen
presentation. In this way, GM-CSF, IL-3, and IL-5 are able to
link the innate and acquired immune responses. With the exception



of eosinophils, GM-CSF, IL-3, and IL-5 are not essential for
constitutive hematopoietic cell function. Rather, they play an
important role when the host is stressed, by serving to increase
the numbers of activated and sensitized cells required to bol-
ster host defense.®® Currently, GM-CSF is in clinical trials for
administration to children with an Injury Severity Score >10
following blunt or penetrating trauma. The goal of the study is
to provide evidence of the effectiveness of GM-CSF as an agent
that can ameliorate posttraumatic immune suppression.
Receptors for the GM-CSF/IL-3/IL-5 family of cytokines
are expressed at very low levels on hematopoietic cells. Simi-
lar to the other cytokine receptors discussed, they are heterodi-
mers composed of a cytokine-specific o subunit and a common
B subunit (Bc), which is shared by all three receptors and is
required for high-affinity signal transduction. The binding of
cytokine to its receptor activates JAK2-STAT-, MAPK-, and
PI3K-mediated signaling events to regulate a variety of impor-
tant cell behaviors including effector function in mature cells.

Eicosanoids

Omega-6 Polyunsaturated Fat Metabolites: Arachidonic
Acid. Eicosanoids are derived primarily by oxidation of the
membrane phospholipid, arachidonic acid [all-cis-5,8,11,14-
eicosatetraenoic acid; 20:4(w-6) eicosatetraenoic acid], which

Phospholipase A,

Cyclooxygenase

Phospholipid

() Corticosteroids

Arachidonic acid

is relatively abundant in the membrane lipids of inflammatory
cells. They are composed of three families, which include pros-
taglandins, thromboxanes, and leukotrienes. Arachidonic acid
is not stored free in the cell but in an esterified form in phos-
pholipids and neutral lipids. When a cell senses the proper
stimulus, arachidonic acid is released from phospholipids or
diacylglycerols by the enzymatic activation of phospholipase
A2 (Fig. 2-6A). Prostanoids, which include all of the prosta-
glandins and the thromboxanes, result from the sequential action
of the cyclooxygenase (COX) enzyme and terminal synthetases
on arachidonic acid. In contrast, arachidonic acid may be oxidized
along the lipoxygenase pathway via the central enzyme
5-lipoxygenase, to produce several classes of leukotrienes and
lipoxins. In general, the effects of eicosanoids are mediated
via specific receptors, which are members of a superfamily of
G-protein—coupled receptors.

Eicosanoids are not stored within cells but are instead gen-
erated rapidly in response to many stimuli, including hypoxic
injury, direct tissue injury, endotoxin (lipopolysaccharide), NE,
vasopressin, angiotensin II, bradykinin, serotonin, ACh, cyto-
kines, and histamine. Eicosanoid pathway activation also leads
to the formation of the anti-inflammatory compound lipoxin,
which inhibits chemotaxis and NF-kB activation. Glucocor-
ticoids, nonsteroidal anti-inflammatory drugs, and leukotriene

Lipoxygenase

i

Cyclic endoperoxides

(PGG,,PGH,)

Hydroperoxyeicosatetraenoic acid

(HPETE)

Y ! Y !
Prostaglandins Thromboxane Hydroxyeicosatetraenoic acid Leukotrienes
PGD, TXA; (HETE) LTA,
PGE, LTB,
PGFy,, LTC,
PGil, LTD,

LTE,

Free eicosapentaenoic acid

( Cyclooxygenase ——— Lipoxygenase T

3-series

prostaglandins
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resolvins

Anti-inflammatory and

P -
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Figure 2-6. Schematic diagram of (A) arachidonic acid and (B) eicosapentaenoic acid metabolism. LT = leukotriene; PG = prostaglandin;

TXA, = thromboxane A ; HPEPE = hydroperoxyeicosapentaenoic acid.
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inhibitors block the end products of eicosanoid pathways.
Eicosanoids have a broad range of physiologic roles, includ-
ing neurotransmission and vasomotor regulation. They are also
involved in immune cell regulation (Table 2-6) by modulating
the intensity and duration of inflammatory responses. The pro-
duction of eicosanoids is cell- and stimulus-specific. Therefore,
the signaling events that are initiated will depend on the con-
centrations and types of eicosanoids generated, as well as the
unique complement of receptors expressed by their target cells.
For example, prostaglandin E, (PGE,) suppresses the effec-
tor function of macrophages (i.e., phagocytosis and intracel-
lular pathogen killing) via a mechanism that is dependent on
increased cAMP levels. PGE, also modulates chemokine

Systemic stimulatory and inhibitory actions of
eicosanoids

ORGAN/FUNCTION STIMULATOR INHIBITOR
Pancreas
Glucose-stimulated  12-HPETE PGE,
insulin secretion
Glucagon secretion ~ PGD,, PGE,
Liver
Glucagon-stimulated PGE,
glucose production
Fat
Hormone-stimulated PGE,
lipolysis
Bone
Resorption PGE,, PGE-m, 6-K-
PGE,, PGF , PGI,
Pituitary
Prolactin PGE,
Luteinizing hormone PGE,, PGE,, 5-HETE
Thyroid-stimulating  PGA , PGB, PGE,,
hormone PGE,
Growth hormone PGE,
Parathyroid
Parathyroid hormone PGE, PGF,
Lung
Bronchoconstriction PGF, TXA,LTC,, PGE,
LTD,, LTE,
Kidney
Stimulation of renin ~ PGE,, PGI,
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5-HETE = 5-hydroxyeicosatetraenoic acid; 12-HPETE = 12-hydroxyper-
oxyeicosatetraenoic acid; 6-K-PGE, = 6-keto-prostaglandin E; LT =
leukotriene; PG = prostaglandin; PGE-m = 13,14-dihydro-15-keto-PGE,
(major urine metabolite of PGE,); TXA, = thromboxane A,.
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production and enhances local accumulation of regulatory T cells
and myeloid-derived suppressor cells. Prostacyclin (PGIL,) has an
inhibitory effect on Th1- and Th2-mediated immune responses,
while enhancing Th17 differentiation and cytokine production.
Leukotrienes are potent mediators of capillary leakage as well
as leukocyte adherence, neutrophil activation, bronchoconstric-
tion, and vasoconstriction. Leukotriene B, is synthesized from
arachidonic acid in response to acute Ca®* signaling induced
by inflammatory mediators.3* High-affinity leukotriene recep-
tors (BLT1) are expressed primarily in leukocytes, including
granulocytes, eosinophils, macrophages, and differentiated
T cells, whereas the low-affinity receptor is expressed in many
cell types. Activation of BLT1 results in inhibition of adenyl-
ate cyclase and reduced production of cAMP. Not surprisingly,
a role for leukotriene B, signaling in abrogating the effects of
prostaglandins on macrophage effector function has recently
been shown.®

Recent evidence supports a role for lipid droplets (LDs)
as an important intracellular source of arachidonic acid. LDs are
neutral lipid storage organelles ubiquitous to eukaryotic cells
that are a rich source of esterified arachidonic acid especially in
leukocytes. Accumulation of LDs in response to TLR signaling
has been reported with an associated increase in the generation
of eicosanoid metabolites.*

While experimental models of sepsis have shown a ben-
efit to inhibiting eicosanoid production, human sepsis trials
have failed to show a mortality benefit.}” Eicosanoids also have
several recognized metabolic effects. COX pathway products
inhibit pancreatic B-cell release of insulin, whereas lipoxygen-
ase pathway products stimulate -cell activity. Prostaglandins
such as PGE, can inhibit gluconeogenesis through the binding
of hepatic receptors and also can inhibit hormone-stimulated
lipolysis.®
Omega-3 Polyunsaturated Fat Metabolites: All-cis-
5,8,11,14,17-Eicosapentaenoic Acid [20:5(w-3) Eicosa-
pentaenoic Acid]. As noted earlier, polyunsaturated fatty acid
(PUFA) metabolites of endogenous arachidonic acid function
as inflammatory mediators and have significant roles in the
inflammatory response. The major direct dietary source of ara-
chidonic acid is from meat. However, a much larger quantity
of m-6 PUFAs is ingested as linoleic acid, which is found in
many vegetable oils, including corn, sunflower, and soybean
oils, and in products made from such oils, such as margarines.
Linolenic acid is not synthesized in mammals; however, it can
be converted to arachidonic acid through lengthening of the
carbon chain and the addition of double bonds. The second
major family of PUFAs is the ®-3 fatty acid. They can also
be derived from shorter chain ®-3 fatty acids of plant origin
such as o-linolenic acid, which can be converted after ingestion
to eicosapentaenoic acid (EPA) and to docosahexaenoic acid
(DHA). ®-3 fatty acids are found in cold water fish, especially
tuna, salmon, mackerel, herring, and sardine, which can pro-
vide between 1.5 and 3.5 g of these long-chain ®-3 PUFAs per
serving. EPA and DHA are also substrates for the COX and
lipoxygenase (LOX) enzymes that produce eicosanoids, but the
mediators produced have a different structure from the arachi-
donic acid—derived mediators, and this influences their potency
(Fig. 2-6B). In addition, -3 fatty acids are reported to have spe-
cific anti-inflammatory effects, including inhibition of NF-kB
activity, TNF release from hepatic Kupffer cells, and leukocyte
adhesion and migration. These are achieved via two purported
mechanisms: (a) by decreasing the production of arachidonic



acid (w-6)—derived proinflammatory mediators (by competi-
tion for the same enzymes) and (b) by generation of proresolv-
ing bioactive lipid mediators. In fact, key derivatives of ®-3
PUFAs, termed resolvins, have been identified and synthesized.
Resolvins are now categorized as either E-series (from EPA) or
D-series (from DHA). In a variety of model systems, resolvins
have been shown to attenuate the inflammatory phenotypes of a
number of immune cells.*

The ratio of dietary ®-6 to ®-3 PUFAs is reflected in
the membrane composition of various cells, including cells of
the immune system, which has potential implications for the
inflammatory response. For example, a diet that is rich in ®-6
PUFAs will result in cells whose membranes are “0-6 PUFA
rich.” When ®-6 PUFAs are the main plasma membrane lipid
available for phospholipase activity, more proinflammatory
PUFAs (i.e., two-series prostaglandins) are generated. Many
lipid preparations are soy-based and thus primarily composed of
-6 fatty acids. These are thought to be “inflammation enhanc-
ing.” Nutritional supplementation with -3 fatty acid has the
potential to dampen inflammation by shifting the cell membrane
composition in favor of ®-3 PUFAs.

In experimental models of sepsis, ®-3 fatty acids inhibit
inflammation, ameliorate weight loss, increase small-bowel
perfusion, and may increase gut barrier protection. In human
studies, ®-3 supplementation is associated with decreased
production of TNF, IL-1pB, and IL-6 by endotoxin-stimulated
monocytes. In a study of surgical patients, preoperative supple-
mentation with ®-3 fatty acid was associated with reduced need
for mechanical ventilation, decreased hospital length of stay,
and decreased mortality with a good safety profile.*

Plasma Contact System

Complement. Following traumatic injury, there is almost
immediate activation of the complement system, which is a
major effector mechanism of the innate immune system. The
complement system was thought to act initially as the required
“first line of defense” for the host against pathogens, by bind-
ing and clearing them from the circulation. Recent data indicate
that complement also participates in the elimination of immune
complexes as well as damaged and dead cells. In addition, com-
plement is recognized as contributing to mobilization of hema-
topoietic stem/progenitor cells and lipid metabolism.”! Although
complement activation is typically depicted as a linear process in
which parallel pathways are activated, it actually functions more
like a central node that is tightly networked with other systems.
Then, depending on the activating signal, several initiation and
regulatory events act in concert to heighten immune surveillance.

Complement activation proceeds via three different path-
ways. Initiation of these pathways occurs by the binding and
activation of the recognition unit of each pathway to its desig-
nated ligand. The classical pathway, which is often referred to
as “antibody dependent,” is initiated by direct binding of Clq to
its common ligands, which include immunoglobulin (Ig) M/IgG
aggregates. Alternately Clq can activate complement signaling
by binding to soluble pattern recognition molecules such as
pentraxins (e.g., CRP). In a series of subsequent activation and
amplification steps, the pathway ultimately leads to the assem-
bly of the C3 convertase, which cleaves C3 into C3a and C3b.
As C3b then complexes with C3 convertase, the C5 convertase
is activated, cleaving C5 into C5a and C5b. C3a and C5a are
potent anaphylatoxins. C3b acts as an opsonin, whereas C5b
initiates the formation of the membrane attack complex. When C5b

associates with C6 and C7, the complex becomes inserted into
cell membrane and interacts with C8, inducing the binding of
several units of C9 to form a lytic pore.

The lectin pathway of complement activation is initiated
by mannose-binding lectins or ficolins, which act as the soluble
PRM by binding specific carbohydrate structures that are often
present on pathogens. The alternative pathway also includes a
PRM-based initiation mechanism that resembles those found
in the lectin pathway but involves properdin. The latter rec-
ognizes several PAMPs and DAMPs on foreign and apoptotic
cells. Once bound, it initiates and propagates the complement
response by attracting fluid-phase C3b to recognized surfaces
and by stabilizing C3 convertase complexes. Despite its name,
the alternative pathway may account for up to 80% to 90% of
total complement activation.”

The major source of the circulating complement compo-
nents is the liver. Complement proteins can also be produced
locally where they have been implicated in the regulation of
adaptive immune processes. Complement protein synthesis has
been demonstrated in immune cells, including T cells, which
when surface bound, interact with C3 and C4 receptors. Also,
complement synergistically enhances TLR-induced production
of proinflammatory cytokines through convergence of their sig-
naling pathways.

Kallikrein-Kinin System. The kallikrein-kinin system is a
group of proteins that contribute to inflammation, blood pres-
sure control, coagulation, and pain responses. Prekallikrein is
synthesized in the liver and circulates in the plasma bound to
high molecular weight kininogen (HK). A variety of stimuli
lead to the binding of prekallikrein-HK complex to Hageman
factor, (factor XII) followed by its activation, to produce the
serine protease kallikrein, which plays a role in the coagula-
tion cascade. HK, produced by the liver, is cleaved by kalli-
krein to form bradykinin (BK). The kinins (e.g., BK) mediate
several physiologic processes, including vasodilation, increased
capillary permeability, tissue edema, pain pathway activation,
inhibition of gluconeogenesis, and increased bronchoconstric-
tion. They also increase renal vasodilation and consequently
reduce renal perfusion pressure. Kinin receptors are members
of the rhodopsin family of G-protein—coupled receptors and are
located on vascular endothelium and smooth muscle cells. Kinin
receptors are rapidly upregulated following TLR4 signaling and
in response to cytokines and appear to have important effects
on both immune cell behavior and on immune mediators.”> For
example, B1 activation results in increased neutrophil chemo-
taxis, while increased B2 receptor expression causes activation
of arachidonic-prostaglandin pathways. Bradykinin and kal-
likrein levels are increased during gram-negative bacteremia,
hypotension, hemorrhage, endotoxemia, and tissue injury. The
degree of elevation in the levels of these mediators has been
associated with the magnitude of injury and mortality. Clinical
trials using bradykinin antagonists have shown some benefit in
patients with gram-negative sepsis.”

Serotonin

Serotonin is a monoamine neurotransmitter (5-hydroxytryptamine
[5-HT]) derived from tryptophan. Serotonin is synthesized by
neurons in the CNS as well as by intestinal enterochromaffin
cells, which are the major source of plasma 5-HT. Once in the
plasma, 5-HT is taken up rapidly into platelets via the serotonin
transporter (SERT) where it is either stored in the dense granules
in millimolar concentrations or targeted for degradation. It is
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interesting that the surface expression of SERT on platelets is
sensitive to plasma 5-HT levels, which in turn modulates plate-
let 5-HT content. Receptors for serotonin are widely distributed
in the periphery and are found in the gastrointestinal tract, car-
diovascular system, and some immune cells.”> Serotonin is a
potent vasoconstrictor and also modulates cardiac inotropy and
chronotropy through nonadrenergic cAMP pathways. Serotonin
is released at sites of injury, primarily by platelets. Recent work
has demonstrated an important role for platelet 5-HT in the local
inflammatory response to injury. Using mice that lack the non-
neuronal isoform of tryptophan hydroxylase (Tphl), the rate-
limiting step for 5-HT synthesis in the periphery, investigators
demonstrated fewer neutrophils rolling on mesenteric venules.”
Tphl~~ mice, in response to an inflammatory stimulus, also
showed decreased neutrophil extravasation. Finally, survival
of lipopolysaccharide-induced endotoxic shock was reduced in
Tph1~~ mice. Together, these data indicate an important role for
nonneuronal 5-HT in neutrophil recruitment to sites inflamma-
tion and injury.

Histamine

Histamine is a short-acting endogenous amine that is widely
distributed throughout the body. It is synthesized by histidine
decarboxylase (HDC), which decarboxylates the amino acid his-
tidine. Histamine is either rapidly released or stored in neurons,
skin, gastric mucosa, mast cells, basophils, and platelets, and
plasma levels are increased with hemorrhagic shock, trauma,
thermal injury, and sepsis.”” Not surprisingly, circulating cyto-
kines can increase immune cell expression of HDC to further
contribute to histamine synthesis. There are four histamine
receptor (HR) subtypes with varying physiologic roles, but they
are all members of the rhodopsin family of G-protein—coupled
receptors. HIR binding mediates vasodilation, bronchocon-
striction, intestinal motility, and myocardial contractility. HIR
knockout mice demonstrate significant immunologic defects,
including impaired B- and T-cell responses. H2R binding is
best described for its stimulation of gastric parietal cell acid
secretion. However, H2R can also modulate a range of immune
system activities, such as mast cell degranulation, antibody
synthesis, Thl cytokine production, and T-cell proliferation.
H3R was initially classified as a presynaptic autoreceptor in the
peripheral nervous system and CNS. However, data using H3R
knockout mice demonstrate that it also participates in inflamma-
tion in the CNS. H3R knockout mice display increased severity
of neuroinflammatory diseases, which correlates with dysregu-
lation of blood-brain barrier permeability and increased expres-
sion of macrophage inflammatory protein 2, IFN-inducible
protein 10, and CXCR3 by peripheral T cells. H4R is expressed
primarily in bone marrow but has also been detected in leuko-
cytes, including neutrophils, eosinophils, mast cells, dendritic
cells, T cells, and basophils. H4R is emerging as an important
modulator of chemoattraction and cytokine production in these
cells. Thus, it is clear that cells of both the innate and adap-
tive immune response can be regulated by histamine, which is
upregulated following injury.*

CELLULAR RESPONSE TO INJURY

Cytokine Receptor Families and
Their Signaling Pathways

Cytokines act on their target cells by binding to specific mem-
brane receptors. These receptor families have been organized

by structural motifs and include: type I cytokine receptors,
type II cytokine receptors, chemokine receptors, TNF receptors
(TNFRs), and transforming growth factor receptors (TGFRs). In
addition, there are cytokine receptors that belong to the immu-
noglobulin receptor superfamilies. Several of these receptors
have characteristic signaling pathways that are associated with
them. These will be reviewed in the following sections.

JAK-STAT Signaling

A major subgroup of cytokines, comprising roughly 60 factors,
bind to receptors termed type I/II cytokine receptors. Cytokines
that bind these receptors include type I IFNs, IFN-y, many ILs
(e.g., IL-6, IL-10, IL-12, and IL-13), and hematopoietic growth
factors. These cytokines play essential roles in the initiation,
maintenance, and modulation of innate and adaptive immunity
for host defense. All type I/II cytokine receptors selectively asso-
ciate with the Janus kinases (JAKSs), which represent a family of
tyrosine kinases that mediate the signal transduction for these
receptors. JAKSs are constitutively bound to the cytokine recep-
tors, and on ligand binding and receptor dimerization, activated
JAKs phosphorylate the receptor to recruit signal transducer
and activator of transcription (STAT) molecules (Fig. 2-7).
Activated STAT proteins further dimerize and translocate into
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Figure 2-7. The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) signaling pathway also requires dimer-
ization of monomeric units. STAT molecules possess “docking”
sites that allow for STAT dimerization. The STAT complexes
translocate into the nucleus and serve as gene transcription factors.
JAK/STAT activation occurs in response to cytokines (e.g., inter-
leukin-6) and cell stressors, and has been found to induce cell pro-
liferation and inflammatory function. Intracellular molecules that
inhibit STAT function, known as suppressors of cytokine signaling
(SOCSs), have been identified. P = phosphate.



the nucleus where they modulate the transcription of target
genes. Rather than being a strictly linear pathway, it is likely
that individual cytokines activate more than one STAT. The
molecular implications for this in terms of cytokine signaling
are still being unraveled. Interestingly, STAT-DNA binding can
be observed within minutes of cytokine binding. STATs have
also been shown to modulate gene transcription via epigenetic
mechanisms. Thus, JAKs and STATs are central players in the
regulation of key immune cell function, by providing a signal-
ing platform for proinflammatory cytokines (IL-6 via JAK1 and
STAT3) and anti-inflammatory cytokines (IL-10 via STAT3)
and integrating signals required for helper and regulatory T-cell
development and differentiation. The JAK/STAT pathway is
inhibited by the action of phosphatase, the export of STATSs
from the nucleus, and the interaction of antagonistic proteins.”

Suppressors of Cytokine Signaling

Suppressor of cytokine signaling (SOCS) molecules are a fam-
ily of proteins that function as a negative feedback loop for
type I and II cytokine receptors by terminating JAK-STAT sig-
naling. There are currently eight family members; SOCS1-3 are
typically associated with cytokine receptor signaling, whereas
SOCS4-8 are associated with growth factor receptor signaling.
PRRs, including both TLR and C-type lectin receptors, have also
been shown to activate SOCS. Interestingly, induction of SOCS
proteins is also achieved through activators of JAK-STAT sig-
naling, creating an inhibitory feedback loop through which cyto-
kines can effectively self-regulate by extinguishing their own
signal. SOCS molecules can positively and negatively influence
the activation of macrophages and dendritic cells and are crucial
for T-cell development and differentiation. All SOCS proteins
are able to regulate receptor signaling through the recruitment
of proteasomal degradation components to their target proteins,

G-protein receptors

(vasoactive polypeptides, mitogens, phospholipids,

neurotransmitters, prostaglandins)

whether the target is a specific receptor or an associated adap-
tor molecule. Once associated with the SOCS complex, target
proteins are readily ubiquinated and targeted to the proteasome
for degradation. SOCS1 and SOCS3 can also exert an inhibi-
tory effect on JAK-STAT signaling via their N-terminal kinase
inhibitory region (KIR) domain, which acts as a pseudosubstrate
for JAK. The KIR domain binds with high affinity to the JAK
kinase domain to inhibit its activity. SOCS3 has been shown
to be a positive regulator of TLR4 responses in macrophages
via inhibition of IL-6 receptor—mediated STAT3 activation.!® A
deficiency of SOCS activity may render a cell hypersensitive to
certain stimuli, such as inflammatory cytokines and GHs. Inter-
estingly, in a murine model, SOCS knockout resulted in a lethal
phenotype in part because of unregulated interferon signaling.

Chemokine Receptors Are Members of the
G-Protein-Coupled Receptor Family

All chemokine receptors are members of the G-protein—coupled
seven-transmembrane family of receptors (GPCR), which is one
of the largest and most diverse of the membrane protein fami-
lies. GPCRs function by detecting a wide spectrum of extracel-
lular signals, including photons, ions, small organic molecules,
and entire proteins. After ligand binding, GPCRs undergo con-
formational changes, causing the recruitment of heterotrimeric
G proteins to the cytoplasmic surface (Fig. 2-8). Heterotrimeric
G proteins are composed of three subunits, Go,, G, and Gy,
each of which has numerous members, adding to the complex-
ity of the signaling. When signaling however, G proteins per-
form functionally as dimers because the signal is communicated
either by the Go. subunit or the Gy complex. The GPCR fam-
ily includes the receptors for catecholamines, bradykinins, and
leukotrienes, in addition to a variety of other ligands impor-
tant to the inflammatory response.'”! In general, GPCRs can
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Figure 2-8. G-protein—coupled receptors are transmembrane proteins. The G-protein receptors respond to ligands such as adrenaline and sero-
tonin. On ligand binding to the receptor (R), the G protein (G) undergoes a conformational change through guanosine triphosphate—guanosine
diphosphate conversion and in turn activates the effector (E) component. The E component subsequently activates second messengers. The
role of inositol triphosphate (IP,) is to induce release of calcium from the endoplasmic reticulum (ER). cAMP = cyclic adenosine triphosphate.
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be classified according to their pharmacologic properties into
four main families: class A rhodopsin-like, class B secretin-
like, class C metabotropic glutamate/pheromone, and class D
frizzled receptors. As noted earlier, GPCR activation by ligand
binding results in an extracellular domain shift, which is then
transmitted to cytoplasmic portion of the receptor to facilitate
coupling to its principle effector molecules, the heterotrimeric G
proteins. Although there are more than 20 known Go. subunits,
they have been divided into four families based on sequence
similarity, which has served to define both receptor and effec-
tor coupling. These include Go. and Go, which signal through
the activation (Go) or inhibition (Go,) of adenylate cyclase to
increase or decrease cAMP levels, respectively. Increased intra-
cellular cAMP can activate gene transcription through the activ-
ity of intracellular signal transducers such as protein kinase A.
The Go. subunits also include the Gq pathway, which stimu-
lates phospholipase C-B to produce the intracellular messengers
inositol trisphosphate and diacylglycerol. Inositol triphosphate
triggers the release of calcium from intracellular stores, whereas
diacylglycerol recruits protein kinase C to the plasma membrane
for activation. Finally, Ga.,,, , appears to act through Rho- and
Ras-mediated signaling.

12/13

Tumor Necrosis Factor Superfamily

The signaling pathway for TNFR1 (55 kDa) and TNFR2 (75
kDa) occurs by the recruitment of several adapter proteins to
the intracellular receptor complex. Optimal signaling activity
requires receptor trimerization. TNFR1 initially recruits TNFR-
associated death domain (TRADD) and induces apoptosis
through the actions of proteolytic enzymes known as caspases,
a pathway shared by another receptor known as CD95 (Fas).
CD95 and TNFR1 possess similar intracellular sequences known
as death domains (DDs), and both recruit the same adapter pro-
teins known as Fas-associated death domains (FADDs) before
activating caspase 8. TNFR1 also induces apoptosis by activat-
ing caspase 2 through the recruitment of receptor-interacting
protein (RIP). RIP also has a functional component that can
initiate NF-kB and c-Jun activation, both favoring cell survival
and proinflammatory functions. TNFR2 lacks a DD component
but recruits adapter proteins known as TNFR-associated fac-
tors 1 and 2 (TRAF1, TRAF2) that interact with RIP to medi-
ate NF-xB and c-Jun activation. TRAF2 also recruits additional
proteins that are antiapoptotic, known as inhibitor of apoptosis
proteins (IAPs).

Transforming Growth Factor-f3

Family of Receptors

Transforming growth factor-B1 (TGF-B1) is a pleiotropic cyto-
kine expressed by immune cells that has potent immunoregula-
tory activities. Specifically, recent data indicate that TGF-f is
essential for T-cell homeostasis, as mice deficient in TGF-B1
develop a multiorgan autoimmune inflammatory disease and
die a few weeks after birth, an effect that is dependent on the
presence of mature T cells. The receptors for TGF-f ligands
are the TGF-J3 superfamily of receptors, which are type I trans-
membrane proteins that contain intrinsic serine/threonine kinase
activity. These receptors comprise two subfamilies, the type I
and the type II receptors, which are distinguished by the pres-
ence of a glycine/serine-rich membrane domain found in the
type I receptors. Each TGF-B ligand binds a characteristic
combination of type I and type II receptors, both of which are
required for signaling. Whether the type I or the type II receptor

binds first is ligand-dependent, and the second type I or type
II receptor is then recruited to form a heteromeric signaling
complex. When TGF-f binds to the TGF-f receptor, heterodi-
merization activates the receptor, which then directly recruits
and activates a receptor-associated Smad (Smad2 or Smad3)
through phosphorylation. An additional “common” Smad is
then recruited. The activated Smad complex translocates into
the nucleus and, with other nuclear cofactors, regulates the tran-
scription of target genes. TGF-J can also induce the rapid acti-
vation of the Ras-extracellular signal-regulated kinase (ERK)
signaling pathway in addition to other MAPK pathways (JNK,
p38MAPK). How does TGF-f inhibit immune responses? One
of the most important effects is the suppression of IL-2 pro-
duction by T cells. It also inhibits T-cell proliferation.'®> More
recently, it was noted that TGF-3 can regulate the maturation of
differentiated dendritic cells and dendritic cell-mediated T-cell
responses. Importantly, TGF-B can induce “alternative activa-
tion” macrophages, designated M2 macrophages, which express
a wide array of anti-inflammatory molecules, including IL-10
and arginase-1.

5» TRANSCRIPTIONAL AND TRANSLATIONAL
REGULATION OF THE INJURY RESPONSE

Transcriptional Events Following Blunt Trauma
Recent data have examined the transcriptional response in cir-
culating leukocytes in a large series of patients who suffered
severe blunt trauma. This work identified an overwhelming
shift in the leukocyte transcriptome, with more than 80% of
the cellular functions and pathways demonstrating some altera-
tion in gene expression. In particular, changes in gene expres-
sion for pathways involved in the systemic inflammatory,
innate immune, compensatory anti-inflammatory, and adaptive
immune responses were simultaneous and marked. Moreover,
they occurred rapidly (within 4 to 12 hours) and were prolonged
for days and weeks. When different injuries (i.e., blunt trauma,
burn injury, human model of endotoxemia) were compared,
the patterns of gene expression were surprisingly similar, sug-
gesting that the stress response to both injury and inflammation
is highly conserved and may follow a universal pathway that
includes common denominators. Finally, delayed clinical recov-
ery and organ injury were not associated with a distinct pattern
of transcriptional response elements.” These data describe a new
paradigm based on the observation of a rapid and coordinated
transcriptional response to severe traumatic injury that involves
both the innate and adaptive immune systems. Further, the data
support the idea that individuals who are destined to die from
their injuries are characterized primarily by the degree and dura-
tion of their dysregulated inflammatory response rather than a
“unique signature” indicative of a “second hit.”

Transcriptional Regulation of Gene Expression

Many genes are regulated at the point of DNA transcription and
thus influence whether messenger RNA (mRNA) and its subse-
quent product are expressed (Fig. 2-9). Gene expression relies
on the coordinated action of transcription factors and coactiva-
tors (i.e., regulatory proteins), which are complexes that bind
to highly specific DNA sequences upstream of the target gene
known as the promoter region. Enhancer sequences of DNA
mediate gene expression, whereas repressor sequences are non-
coding regions that bind proteins to inhibit gene expression.
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Figure 2-9. Gene expression and protein synthesis can occur
within a 24-hour period. The process can be regulated at various
stages: transcription, messenger RNA (mRNA) processing, or pro-
tein packaging. At each stage, it is possible to inactivate the mRNA
or protein, rendering these molecules nonfunctional.

For example, NF-xB is one of the best-described transcription
factors, which has a central role in regulating the gene prod-
ucts expressed after inflammatory stimuli (Fig. 2-10). NF-xB
is composed of two smaller polypeptides, pS0O and p65. NF-xB
resides in the cytosol in the resting state primarily through the
inhibitory binding of inhibitor of kB (I-xB). In response to
an inflammatory stimulus such as TNF, IL-1, or endotoxin, a
sequence of intracellular mediator phosphorylation reactions
leads to the degradation of I-kB and subsequent release of
NF-kB. On release, NF-kB travels to the nucleus and promotes
gene expression. NF-kB also stimulates the gene expression for
I-xB, which results in negative feedback regulation. In clinical

NF-xB activation

Ligand
(e.g.: TNF, IL-1)

N

appendicitis, for example, increased NF-kB activity was associ-
ated with initial disease severity, and levels returned to baseline
within 18 hours after appendectomy in concert with resolution
of the inflammatory response.*

Epigenetic Regulation of Transcription
The DNA access of protein machineries involved in transcription
processes is tightly regulated by histones, which are a family of
basic proteins that associate with DNA in the nucleus. Histone
proteins help to condense the DNA into tightly packed nucleo-
somes that limit transcription. Emerging evidence indicates
that transcriptional activation of many proinflammatory genes
requires nucleosome remodeling that is modulated by the post-
translational modification of histone proteins through the recruit-
ment of histone-modifying enzymes.'”® There are at least seven
identified chromatin modifications including acetylation, meth-
ylation, phosphorylation, ubiquitinylation, sumoylation, ADP
ribosylation, deimination, and proline isomerization. Recently,
the development of chromatin immunoprecipitation (ChIP) cou-
pled to massively parallel DNA sequencing technology (ChIP-
Seq) has enabled the mapping of histone modifications in living
cells in response to TLR signaling. In this way, it has allowed
the identification of the large number of posttranslational histone
modifications that are “written” and “erased” by histone-modify-
ing enzymes. The role of histone modifications in the regulation
of gene expression is referred to as “epigenetic”’ control.

Addition of an acetyl group to lysine residues on histones
is an epigenetic mark associated with gene activation. These
acetyl groups are reversibly maintained by histone acetyltrans-
ferases (HATSs) and histone deacetylases. Ultimately, histone
acetylation is monitored by bromodomain-containing proteins
such as the bromodomain and extraterminal domain (BET) fam-
ily of proteins, which can regulate a number of important epige-
netically controlled processes.

Upon TLR4 activation, HATs are recruited to proinflam-
matory gene promoters where acetylation of specific histone
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Figure 2-10. Inhibitor of kB (I-xB) binding to the p50-p65 subunits of nuclear factor kB (NF-kB) inactivates the molecule. Ligand binding
to the receptor activates a series of downstream signaling molecules, of which I-kB kinase is one. The phosphorylated NF-kB complex further
undergoes ubiquitinization and proteosome degradation of I-kB, activating NF-xB, which translocates into the nucleus. Rapid resynthesis of
[-xB is one method of inactivating the pS0-p65 complex. IL-1 = interleukin-1; P = phosphate; TNF = tumor necrosis factor.
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residues serves as an organizing node for a complex of pro-
teins that ultimately phosphorylate the large subunit of RNA
polymerase II, promoting the elongation of inflammatory gene
transcripts.'™ Recently, investigators used a novel pharmaco-
logic approach that targeted inflammatory gene expression by
interfering with the recognition of acetylated histones by BET
proteins. A synthetic compound (I-BET) that “mimicked” acety-
lated histones functioned as a BET antagonist.!®® In this way,
pretreatment decreased overall histone acetylation to reduce
the expression of select inflammatory genes in LPS-activated
macrophages. Additionally, I-BET conferred protection against
bacteria-induced sepsis. Recent studies have also demonstrated
a role for histone methyltransferases in proinflammatory gene
programs.

Translation Regulation of Inflammatory

Gene Expression

Once mRNA transcripts are generated, they can also be regu-
lated by a variety of mechanisms, including (a) splicing, which
can cleave mRNA and remove noncoding regions; (b) capping,
which modifies the 5" ends of the mRNA sequence to inhibit
breakdown by exonucleases; and (c) the addition of a polyad-
enylated tail, which adds a noncoding sequence to the mRNA,
to regulate the half-life of the transcript. Recent data have
identified microRNAs (miRNAs) as important translational
regulators of gene expression via their binding to partially
complementary sequences in the 3’-untranslated region (3’-
UTR) of target mRNA transcripts.'® Binding of miRNA to the
mRNA usually results in gene silencing. MicroRNAs are endog-
enous, single-stranded RNAs of approximately 22 nucleotides
in length that are highly conserved in eukaryotes. miRNAs are
encoded either singly or can be transcribed in “polycistronic”
clusters and produced by an elaborate expression and process-
ing mechanism. After a primary miRNA transcript is generated
by RNA polymerase II or III, it is processed in the nucleus to
produce a short hairpin precursor miRNA transcript. The pre-
cursor is then transported into the cytoplasm where the final
mature miRNA is generated by a protein termed Dicer. The
mature double-stranded miRNA is then incorporated into the
RNA-induced silencing complex (RISC) in the cytoplasm.
Once programmed with a small RNA, RISC can silence tar-
geted genes by one of several distinct mechanisms, working at
(a) the level of protein synthesis through translation inhibition,
(b) the transcript level through mRNA degradation, or (c) the
level of the genome itself through the formation of heterochro-
matin or by DNA elimination. Recent data indicate that miRNAs
are involved in TLR signaling in the innate immune system by
targeting multiple molecules in the TLR signaling pathways.'"
For example, evidence has shown that miR-146a can inhibit the
expression of IRAK1 and TRAF6, impair NF-xB activity, and
suppress the expression of NF-kB target genes such as IL-6,
IL-8, IL-1P, and TNF-c.

CELL-MEDIATED INFLAMMATORY RESPONSE
Platelets

Platelets are small (2 um), circulating fragments of a larger cell
precursor, the megakaryocyte, that is located chiefly within the
bone marrow. Although platelets lack a nucleus, they contain
both mRNA and a large number of cytoplasmic and surface pro-
teins that equip them for diverse functionality. While their role
in hemostasis is well described, more recent work suggests that

platelets play a role in both local and systemic inflammatory
responses, particularly following ischemia reperfusion. Platelets
express functional scavenger and TLRs that are important detec-
tors of both pathogens and “damage”-associated molecules.'* At
the site of tissue injury, complex interactions between platelets,
endothelial cells, and circulating leukocytes facilitate cellular
activation by the numerous local alarmins and immune media-
tors. For example, platelet-specific TLR4 activation can cause
thrombocytes to bind to and activate neutrophils to extrude their
DNA to form neutrophil extracellular traps (NETSs), an action
that facilitates the capacity of the innate immune system to trap
bacteria, but also leads to local endothelial cell damage.'"

Once activated, platelets adopt an initial proinflammatory
phenotype by expressing and releasing a variety of adhesion
molecules, cytokines, and other immune modulators, including
HMGBI, IL-1p, and CD40 ligand (CD40L; CD154). However,
activated platelets also express large amounts of the immuno-
suppressive factor TGF-[3, which has been implicated in Treg
cell homeostasis. Recently, in a large animal model of hemor-
rhage, TGF-P3 levels were shown to be significantly increased
2 hours after injury, suggesting a possible mechanism for injury-
related immune dysfunction.''® And although soluble CD154
was not increased following hemorrhage and traumatic brain
injury in that study, in a murine model of mesenteric ischemia-
reperfusion injury platelet expression of CD40 and CD154 was
linked to remote organ damage.

Lymphocytes and T-Cell Immunity
The expression of genes associated with the adaptive immune
response is rapidly altered following severe blunt trauma.? In
fact, significant injury is associated with adaptive immune sup-
pression that is characterized by altered cell-mediated immu-
nity, specifically the balance between the major populations
of Th cells. In fact, Th lymphocytes are functionally divided
into subsets, which principally include Th1l and Th2 cells, as
well as Th17 and inducible Treg cells. Derived from precursor
CD4" Th cells, each of these groups produces specific effector
cytokines that are under unique transcriptional control. CD4
T cells play central roles in the function of the immune system
through their effects on B-cell antibody production and their
enhancement of specific Treg cell functions and macrophage
activation. The specific functions of these cells include the rec-
ognition and killing of intracellular pathogens (cellular immu-
nity; Thl cells), regulation of antibody production (humoral
immunity; Th2 cells), and maintenance of mucosal immunity
and barrier integrity (Th17 cells). These activities have been
characterized as proinflammatory (Th1) and anti-inflammatory
(Th2), respectively, as determined by their distinct cytokine
signatures (Fig. 2-11). Activation of Thl cytokine-producing
cells following injury has been linked to signaling events trig-
gered by endogenous ligands, often composed of intracellular
proteins (e.g., mitochondrial and nuclear-binding proteins) or
ECM fragments released with cellular damage. As discussed
earlier, these DAMPs are recognized by members of the TLR
superfamily, including TLR2, TLR4, and TLR9Y, and can acti-
vate innate immune pathways.

A healthy immune response depends on a balanced Th1/
Th2 response. Following injury, however, there is a reduction
in Th1 cell differentiation and cytokine production in favor of
an increased population of Th2 lymphocytes and their signaling
products. As a consequence, both macrophage activation and
proinflammatory cytokine synthesis are inhibited. This imbalance,
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Figure 2-11. Specific immunity mediated by helper T lympho-
cytes subtype 1 (T,1) and subtype 2 (T,2) after injury. A T 1
response is favored in lesser injuries, with intact cell-mediated and
opsonizing antibody immunity against microbial infections. This
cell-mediated immunity includes activation of monocytes, B lym-
phocytes, and cytotoxic T lymphocytes. A shift toward the T, 2
response from naive helper T cells is associated with injuries of
greater magnitude and is not as effective against microbial infec-
tions. A T2 response includes the activation of eosinophils, mast
cells, and B-lymphocyte immunoglobulin 4 and immunoglobulin
E production. (Primary stimulants and principal cytokine products
of such responses are in bold characters.) Interleukin-4 (IL-4) and
IL-10 are known inhibitors of the T, 1 response. Interferon-y (IFN-y)
is a known inhibitor of the T2 response. Although not cytokines,
glucocorticoids are potent stimulants of a T, 2 response, which
may partly contribute to the immunosuppressive effects of corti-
sol. GM-CSF = granulocyte-macrophage colony-stimulating factor;
IL = interleukin; TGF = transforming growth factor; TNF = tumor
necrosis factor. (Adapted with permission from Lin E, Calvano SE,
Lowry SF. Inflammatory cytokines and cell response in surgery.
Surgery. 2000;127:117. Copyright Elsevier.)

which may be associated with decreased IL-12 production by
activated monocytes/macrophages, has been associated with
increased risk of infectious complications following surgery and
trauma. What are the systemic mechanisms responsible for this
shift? Several events have been implicated, including the direct
effect of glucocorticoids on monocyte IL-12 production and
T-cell IL-12 receptor expression. In addition, sympathoadrenal
catecholamine production has also been demonstrated to reduce
IL-12 production and proinflammatory cytokine synthesis.!!!
Finally, more recent work has implicated circulating immature
myeloid cells, termed myeloid-derived suppressor cells, that
have immune suppressive activity particularly through their
increased expression of arginase.!!> These cells have the poten-
tial to deplete the microenvironment of arginine, leading to fur-
ther T-cell dysfunction.

Recent evidence suggests that Th17 cells and their effector
cytokines, IL-17, IL-21, and IL-22, regulate mucosal immunity
and barrier function. While their specific role in the inflamma-
tory response following trauma is not well understood, both
murine and human studies indicate that normal Th17 effec-
tor functions are disordered following burn injury, due to the
inhibition of normal Th17 cell development by IL-10.""3 These
changes may contribute to remote organ damage and further
susceptibility to infection in this setting.

Dendritic Cells

Recent studies have focused on the cellular components of the
immune system in the context of polytrauma. While the acti-
vation of granulocytes and monocyte/macrophages following
trauma has been well described, more recent work has also
demonstrated that dendritic cells (DCs) are also activated in
response to damage signals, to stimulate both the innate and
the adaptive immune responses. For example, primary “dan-
ger signals” that are recognized and activated by DCs include
debris from damaged or dying cells (e.g., HMGB1, nucleic
acids including single nucleotides, and degradation products of
the ECM). DCs are specialized antigen-presenting cells (APCs)
that have three major functions. They are frequently referred
to as “professional APCs” since their principal function is to
capture, process, and present both endogenous and exogenous
antigens, which, along with their costimulatory molecules,
are capable of inducing a primary immune response in rest-
ing naive T lymphocytes. In addition, they have the capacity
to further regulate the immune response, both positively and
negatively, through the upregulation and release of immuno-
modulatory molecules such as the chemokine CCLS5 and the
CXC chemokine CXCLS5. Finally, they have been implicated
both in the induction and maintenance of immune tolerance
as well as in the acquisition of immune memory.'"* There are
distinct classes and subsets of DC, which are functionally het-
erogeneous. Further, subsets of DC at distinct locations have
been shown to express different levels damage-sensing recep-
tors (e.g., TLR) that dictate a preferential response to DAMP at
that site. While relatively small in number relative to the total
leukocyte population, the diverse distribution of DC in virtu-
ally all body tissues underlines their potential for a collabora-
tive role in the initiation of the trauma-induced sterile systemic
inflammatory response.

Eosinophils

Eosinophils are immunocytes whose primary functions are
antihelminthic. Eosinophils are found mostly in tissues such as
the lung and gastrointestinal tract, which may suggest a role
in immune surveillance. Eosinophils can be activated by IL-3,
IL-5, GM-CSF, chemoattractants, and platelet-activating factor.
Eosinophil activation can lead to subsequent release of toxic
mediators, including ROSs, histamine, and peroxidase.'”

Mast Cells

Mast cells are important in the primary response to injury
because they are located in tissues. TNF release from mast cells
has been found to be crucial for neutrophil recruitment and
pathogen clearance. Mast cells are also known to play an impor-
tant role in the anaphylactic response to allergens. On activation
from stimuli including allergen binding, infection, and trauma,
mast cells produce histamine, cytokines, eicosanoids, proteases,
and chemokines, which leads to vasodilatation, capillary leak-
age, and immunocyte recruitment. Mast cells are thought to be
important cosignaling effector cells of the immune system via
the release of IL-3, IL-4, IL-5, IL-6, IL-10, IL-13, and IL-14, as
well as macrophage migration—inhibiting factor.!'¢

Monocyte/Macrophages

Monocytes are mononuclear phagocytes that circulate in the
bloodstream and can differentiate into macrophages, osteo-
clasts, and DCs on migrating into tissues. Macrophages are the
main effector cells of the immune response to infection and
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injury, primarily through mechanisms that include phagocyto-
sis of microbial pathogens, release of inflammatory mediators,
and clearance of apoptotic cells. Moreover, these cells fulfill
homeostatic roles beyond host defense by performing important
functions in the remodeling of tissues, both during development
and in the adult animal.

In tissues, mononuclear phagocytes are quiescent. How-
ever, they respond to external cues (e.g., PAMPs, DAMPs, acti-
vated lymphocytes) by changing their phenotype. In response
to various signals, macrophages may undergo classical M1
activation (stimulated by TLR ligands and IFN-7y) or alterna-
tive M2 activation (stimulated by type II cytokines IL-4/IL-13);
these states mirror the Th1-Th2 polarization of T cells. The
M1 phenotype is characterized by the expression of high levels
of proinflammatory cytokines, like TNF-o, IL-1, and IL-6, in
addition to the synthesis of ROS and RNS. M1 macrophages
promote a strong Th1 response. In contrast, M2 macrophages
are considered to be involved in the promotion of wound repair
and the restoration of immune homeostasis through their expres-
sion of arginase-1 and IL-10, in addition to a variety of PRRs
(e.g., scavenging molecules).!”

In humans, downregulation of monocyte TNFR expres-
sion has been demonstrated experimentally and clinically during
systemic inflammation. In clinical sepsis, nonsurviving patients
with severe sepsis have an immediate reduction in monocyte
surface TNFR expression with failure to recover, whereas sur-
viving patients have normal or near-normal receptor levels from
the onset of clinically defined sepsis. In patients with congestive
heart failure, there is also a significant decrease in the amount
of monocyte surface TNFR expression compared with control
patients. In experimental models, endotoxin has been shown to
differentially regulate over 1000 genes in murine macrophages
with approximately 25% of these corresponding to cytokines
and chemokines. During sepsis, macrophages undergo pheno-
typic reprogramming highlighted by decreased surface human
leukocyte antigen DR (a critical receptor in antigen presenta-
tion), which also may contribute to host immunocompromise
during sepsis.'"®

Neutrophils

Neutrophils are among the first responders to sites of infection
and injury and, as such, are potent mediators of acute inflam-
mation. Chemotactic mediators from a site of injury induce
neutrophil adherence to the vascular endothelium and promote
eventual cell migration into the injured tissue. Neutrophils are
circulating immunocytes with short half-lives (4 to 10 hours).
However, inflammatory signals may promote the longevity of
neutrophils in target tissues, which can contribute to their poten-
tial detrimental effects and bystander injury. Once primed and
activated by inflammatory stimuli, including TNF, IL-1, and
microbial pathogens, neutrophils are able to enlist a variety of
killing mechanisms to manage invading pathogens. Phagocy-
tosed bacteria are killed using NADPH oxygenase-dependent
generation of ROS or by releasing lytic enzymes and antibacte-
rial proteins into the phagosome. Neutrophils can also dump
their granule contents into the extracellular space, and many
of these proteins also have important effects on the innate and
adaptive immune responses. When highly activated, neutrophils
can also extrude a meshwork of chromatin fibers, composed
of DNA and histones that are decorated with granule contents.
Termed neutrophil extracellular traps (NETS), this is an effec-
tive mechanism whereby neutrophils can immobilize bacteria to

facilitate their killing.!"” NETs may also serve to prime T cells,
making their threshold for activation lower.

Neutrophils do facilitate the recruitment of monocytes into
inflamed tissues. These recruited cells are capable of phagocy-
tosing apoptotic neutrophils to contribute to resolution of the
inflammatory response.!?

ENDOTHELIUM-MEDIATED INJURY

Vascular Endothelium

Under physiologic conditions, vascular endothelium has overall
anticoagulant properties mediated via the production and cell
surface expression of heparin sulfate, dermatan sulfate, tissue
factor pathway inhibitor, protein S, thrombomodulin, plasmin-
ogen, and tissue plasminogen activator. Endothelial cells also
perform a critical function as barriers that regulate tissue migra-
tion of circulating cells. During sepsis, endothelial cells are dif-
ferentially modulated, which results in an overall procoagulant
shift via decreased production of anticoagulant factors, which
may lead to microthrombosis and organ injury.

Neutrophil-Endothelium Interaction

The regulated inflammatory response to infection facilitates
neutrophil and other immunocyte migration to compromised
regions through the actions of increased vascular permeabil-
ity, chemoattractants, and increased endothelial adhesion fac-
tors referred to as selectins that are elaborated on cell surfaces
(Table 2-7). In response to inflammatory stimuli released from
sentinel leukocytes in the tissues, including chemokines, throm-
bin, leukotrienes, histamine, and TNF, vascular endothelium
are activated and their surface protein expression is altered.
Within 10 to 20 minutes, prestored reservoirs of the adhesion
molecule P-selectin are mobilized to the cell surface where it
can mediate neutrophil recruitment (Fig. 2-12). After 2 hours,
endothelial cell transcriptional processes provide additional
surface expression of E-selectin. E-selectin and P-selectin bind
P-selectin glycoprotein ligand-1 (PSGL-1) on the neutrophils
to orchestrate the capture and rolling of these leukocytes and
allow targeted immunocyte extravasation. Immobilized chemo-
kines on the endothelial surface create a chemotactic gradient to
further enhance immune cell recruitment.'?! Also important are
secondary leukocyte-leukocyte interactions in which PGSL-1
and L-selectin binding facilitates further leukocyte tethering.
Although there are distinguishable properties among individ-
ual selectins in leukocyte rolling, effective rolling most likely
involves a significant degree of functional overlap.'*

Chemokines

Chemokines are a family of small proteins (8 to 13 kDa) that
were first identified through their chemotactic and activating
effects on inflammatory cells. They are produced at high levels
following nearly all forms of injury in all tissues, where they are
key attractants for immune cell extravasation. There are more
than 50 different chemokines and 20 chemokine receptors that
have been identified. Chemokines are released from endothelial
cells, mast cells, platelets, macrophages, and lymphocytes. They
are soluble proteins, which when secreted, bind to glycosami-
noglycans on the cell surface or in the ECM. In this way, the
chemokines can form a fixed chemical gradient that promotes
immune cell exit to target areas. Chemokines are distinguished
(in general) from cytokines by virtue of their receptors, which
are members of the G-protein—coupled receptor superfamily.



Molecules that mediate leukocyte-endothelial adhesion, categorized by family

ADHESION MOLECULE ACTION ORIGIN INDUCERS OF EXPRESSION | TARGET CELLS
Selectins
L-selectin Fast rolling Leukocytes Native Endothelium, platelets,
eosinophils
P-selectin Slow rolling Platelets and Thrombin, histamine Neutrophils, monocytes
endothelium
E-selectin Very slow rolling Endothelium Cytokines Neutrophils, monocytes,
lymphocytes
Immunoglobulins
ICAM-1 Firm adhesion/ Endothelium, Cytokines Leukocytes
transmigration leukocytes, fibroblasts,
epithelium
ICAM-2 Firm adhesion Endothelium, platelets | Native Leukocytes
VCAM-1 Firm adhesion/ Endothelium Cytokines Monocytes, lymphocytes
transmigration
PECAM-1 Adhesion/ Endothelium, platelets, | Native Endothelium, platelets,
transmigration leukocytes leukocytes

B,-(CD18) Integrins

CD18/11a
CD18/11b (Mac-1)

CD18/11c

Firm adhesion/
transmigration

Firm adhesion/
transmigration

Adhesion

Leukocytes

Neutrophils, monocytes,
natural killer cells

Neutrophils, monocytes,
natural killer cells

Leukocyte activation
Leukocyte activation

Leukocyte activation

Endothelium

Endothelium

Endothelium

B,-(CD29) Integrins

VLA-4 Firm adhesion/

transmigration

Lymphocytes,
monocytes

Leukocyte activation Monocytes, endothelium,

epithelium

ICAM-1 = intercellular adhesion molecule-1; ICAM-2 = intercellular adhesion molecule-2; Mac-1 = macrophage antigen 1; PECAM-1 = platelet-
endothelial cell adhesion molecule-1; VCAM-1 = vascular cell adhesion molecule-1; VLA-4 = very late antigen-4.

Most chemokine receptors recognize more than one chemokine
ligand, leading to redundancy in chemokine signaling.

The chemokines are subdivided into families based on
their amino acid sequences at their N-terminus. For example,
CC chemokines contain two N-terminus cysteine residues
that are immediately adjacent (hence the “C-C” designation),
whereas the N-terminal cysteines in CXC chemokines are sepa-
rated by a single amino acid. The CXC chemokines are particu-
larly important for neutrophil (PMN) proinflammatory function.
Members of the CXC chemokine family, which include IL-8,
induce neutrophil migration and secretion of cytotoxic granu-
lar contents and metabolites. Additional chemokine families
include the C and CX3C chemokines.!*!

Nitric Oxide

Nitric oxide (NO) was initially known as endothelium-derived
relaxing factor due to its effect on vascular smooth muscle.
Normal vascular smooth muscle cell relaxation is maintained
by a constant output of NO that is regulated in the endothe-
lium by both flow- and receptor-mediated events. NO can also
reduce microthrombosis by reducing platelet adhesion and
aggregation (Fig. 2-13) and interfering with leukocyte adhesion
to the endothelium. NO easily traverses cell membranes, has
a short half-life of a few seconds, and is oxidized into nitrate
and nitrite.

Endogenous NO formation is derived largely from the
action of NO synthase (NOS), which is constitutively expressed
in endothelial cells (NOS3). NOS generates NO by catalyzing
the degradation of L-arginine to L-citrulline and NO, in the pres-
ence of oxygen and NADPH. There are two additional isoforms
of NOS: neuronal NOS (NOS1) and inducible NOS (iNOS/
NOS2). The vasodilatory effects of NO are mediated by guany-
Iyl cyclase, an enzyme that is found in vascular smooth muscle
cells and most other cells of the body. When NO is formed by
endothelium, it rapidly diffuses into adjacent cells where it binds
to and activates guanylyl cyclase. This enzyme catalyzes the
dephosphorylation of guanosine triphosphate (GTP) to cyclic
guanosine monophosphate (¢cGMP), which serves as a second
messenger for many important cellular functions, particularly
for signaling smooth muscle relaxation.

NO synthesis is increased in response to proinflamma-
tory mediators such as TNF-o and IL-1f, as well as microbial
products, due to the upregulation of iNOS expression.'?® In fact,
studies in both animal models and humans have shown that
severe systemic injury and associated hemorrhage produce an
early upregulation of iNOS in the liver, lung, spleen, and vascu-
lar system. In these circumstances, NO is reported to function
as an immunoregulator, which is capable of modulating cyto-
kine production and immune cell development. In particular,
recent data support a role for iNOS in the regulation of T-cell
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Figure 2-12. Simplified sequence of selectin-mediated neutrophil-
endothelium interaction after an inflammatory stimulus. CAPTURE
(tethering), predominantly mediated by cell L-selectin with contri-
bution from endothelial P-selectin, describes the initial recognition
between leukocyte and endothelium, in which circulating leuko-
cytes marginate toward the endothelial surface. FAST ROLLING
(20 to 50 pum/s) is a consequence of rapid L-selectin shedding
from cell surfaces and formation of new downstream L-selectin
to endothelium bonds, which occur in tandem. SLOW ROLLING
(10 to 20 wm/s) is predominantly mediated by P-selectins. The slow-
est rolling (3 to 10 um/s) before arrest is predominantly mediated
by E-selectins, with contribution from P-selectins. ARREST (firm
adhesion) leading to transmigration is mediated by B-integrins and
the immunoglobulin family of adhesion molecules. In addition to
interacting with the endothelium, activated leukocytes also recruit
other leukocytes to the inflammatory site by direct interactions,
which are mediated in part by selectins. (Adapted with permission

from Lin E, Calvano SE, Lowry SF. Selectin neutralization: does it

make biological sense? Crit Care Med. 1999,;27:2050.)

dysfunction in the setting of trauma as evidenced by suppressed
proliferative and Th1 cytokine release.'**

Increased NO is also detectable in septic shock, where it is
associated with low peripheral vascular resistance and hypoten-
sion. Increased production of NO in this setting correlates with
changes in vascular permeability and inhibition of noradrenergic
nerve transmission. While the increased NO in sepsis is largely
attributed to greater iNOS activity and expression, cytokines
are reported to modulate NO release by increasing arginine
availability through the expression of the cationic amino acid
transporter (CAT) or by increasing tetrahydrobiopterin levels,
a key cofactor in NO synthesis. Additional effects associated
with excess NO include protein and membrane phospholipid
alterations by nitrosylation and the inhibition of mitochondrial
respiration. Inhibition of NO production seemed initially to be
a promising strategy in patients with severe sepsis. However,
a randomized clinical trial in patients with septic shock deter-
mined that treatment with a nonselective NOS inhibitor was

associated with an increase in mortality compared with pla-
cebo.'? More recent data using an ovine model of peritonitis
demonstrated that selective iNOS inhibition reduced pulmonary
artery hypertension and gas exchange impairment and promoted
higher visceral organ blood flow, coinciding with lower plasma
cytokine concentrations.'?® These data suggest that specific tar-
geting of iNOS in the setting of sepsis may remain a viable
therapeutic option.

Prostacyclin

The immune effects of prostacyclin (PGI,) were discussed
earlier. The best described effects of PGI, are in the cardio-
vascular system, however, where it is produced by vascular
endothelial cells. Prostacyclin is a potent vasodilator that also
inhibits platelet aggregation. In the pulmonary system, PGI,
reduces pulmonary blood pressure and bronchial hyperrespon-
siveness. In the kidneys, PGI, modulates renal blood flow and
glomerular filtration rate. Prostacyclin acts through its recep-
tor (a G-protein—coupled receptor of the rhodopsin family) to
stimulate the enzyme adenylate cyclase, allowing the synthesis
of cAMP from adenosine triphosphate (ATP). This leads to a
cAMP-mediated decrease in intracellular calcium and subse-
quent smooth muscle relaxation.

During systemic inflammation, endothelial prostacyclin
expression is impaired, and thus the endothelium favors a more
procoagulant profile. Exogenous prostacyclin analogues, both
intravenous and inhaled, have been used to improve oxygen-
ation in patients with acute lung injury. Early clinical studies
with prostacyclin have delivered some encouraging results,
showing that infusion of prostacyclin improved cardiac index,
splanchnic blood flow as measured by intestinal tonometry, and
oxygen delivery in patients with sepsis. Importantly, there was
no significant decrease in mean arterial pressure.'”’

Endothelins

Endothelins (ETs) are potent mediators of vasoconstriction and
are composed of three members: ET-1, ET-2, and ET-3. ETs are
21-amino-acid peptides derived from a 38-amino-acid precursor
molecule. ET-1, synthesized primarily by endothelial cells, is
the most potent endogenous vasoconstrictor and is estimated to
be 10 times more potent than angiotensin II. ET release is upreg-
ulated in response to hypotension, LPS, injury, thrombin, TGF-
B, IL-1, angiotensin II, vasopressin, catecholamines, and anoxia.
ETs are primarily released to the abluminal side of endothelial
cells, and very little is stored in cells; thus a plasma increase
in ET is associated with a marked increase in production. The
half-life of plasma ET is between 4 and 7 minutes, which sug-
gests that ET release is primarily regulated at the transcriptional
level. Three ET receptors, referred to as ET,, ET;, and ET,,
have been identified and function via the G-protein—coupled
receptor mechanism. ET, receptors are associated with
increased NO and prostacyclin production, which may serve
as a feedback mechanism. Atrial ET, receptor activation has
been associated with increased inotropy and chronotropy. ET-1
infusion is associated with increased pulmonary vascular resis-
tance and pulmonary edema and may contribute to pulmonary
abnormalities during sepsis. At low levels, in conjunction with
NO, ETs regulate vascular tone. However, at increased concen-
trations, ETs can disrupt the normal blood flow and distribu-
tion and may compromise oxygen delivery to the tissue. Recent
data link ET expression in pulmonary vasculature with per-
sistent inflammation associated with the development of
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pulmonary hypertension.!?® ET expression is linked to posttrans-
lational and transcriptional initiation of the unfolded protein
response in the affected cells, which results in the production of
inflammatory cytokines. Finally, ET-1 levels correlate with lev-
els of brain natriuretic peptide and CRP, as well as the Sequen-
tial Organ Failure Assessment score in septic patients.'?

Platelet-Activating Factor

Phosphatidylcholine is a major lipid constituent of the plasma
membrane. Its enzymatic processing by cytosolic phospho-
lipase A, (cPLA,) or calcium-independent phospholipase A,
(iPLA) generates powerful small lipid molecules, which func-
tion as intracellular second messengers. One of these is arachi-
donic acid, the precursor molecule for eicosanoids. Another is
platelet-activating factor (PAF). During acute inflammation,
PAF is released by immune cells following the activation of
PLA,. The receptor for PAF (PAFR), which is constitutively
expressed by platelets, leukocytes, and endothelial cells, is a
G-protein—coupled receptor of the rhodopsin family. Ligand
binding to the PAFR promotes the activation and aggregation of
platelets and leukocytes, leukocyte adherence, motility, chemo-
taxis, and invasion, as well as ROS generation.'** Additionally,
PAF activation of human PMNs induces extrusion of NETSs,
while platelet activation induces IL-1 via a novel posttranscrip-
tional mechanism. Finally, PAFR ligation results not only in
the upregulation of numerous proinflammatory genes includ-
ing COX-2, iNOS, and IL-6, but also in the generation of lipid
intermediates such as arachidonic acid and lysophospholipids
through the activation of PLA,. Antagonists to PAF receptors
have been experimentally shown to mitigate the effects of isch-
emia and reperfusion injury. Of note, human sepsis is asso-
ciated with a reduction in the levels of PAF-acetylhydrolase,
which inactivates PAF by removing an acetyl group. Indeed,

t Figure 2-13. Endothelial inter-
action with smooth muscle cells
and with intraluminal platelets.
Prostacyclin (prostaglandin 1,, or
PGI,) is derived from arachidonic
acid (AA), and nitric oxide (NO)

is derived from L-arginine. The

NO . . . .
ncrease cycllc adenosine mono-

phosphate (cAMP) and cyclic gua-
nosine monophosphate (cGMP)
results in smooth muscle relaxation
and inhibition of platelet thrombus
formation. Endothelins (ETs) are
derived from “big ET,” and they
counter the effects of prostacyclin
and NO.

o "h..___‘________
- .
e m——

PAF-acetylhydrolase administration in patients with severe sep-
sis has yielded some reduction in multiple organ dysfunction
and mortality'3!; however, larger phase III clinical trials failed
to show benefit.

Natriuretic Peptides

The natriuretic peptides, atrial natriuretic factor (ANF) and
brain natriuretic peptide (BNP), are a family of peptides that are
released primarily by atrial tissue but are also synthesized by the
gut, kidney, brain, adrenal glands, and endothelium. The func-
tionally active forms of the peptides are C-terminal fragments
of a larger prohormone, and both N- and C-terminal fragments
are detectable in the blood (referred to a N-terminal pro-BNP
and pro-ANF, respectively). ANF and BNP share most biologic
properties including diuretic, natriuretic, vasorelaxant, and car-
diac remodeling properties that are effected by signaling through
a common receptor: the guanylyl cyclase-A (GC-A) receptor.
They are both increased in the setting of cardiac disorders; how-
ever, recent evidence indicates some distinctions in the setting
of inflammation. For example, endotoxemia in healthy volun-
teers increased plasma N-terminal pro-BNP without changing
heart rate and blood pressure. Also, elevated pro-BNP has been
detected in septic patients in the absence of myocardial dysfunc-
tion and appears to have prognostic significance.'??

SURGICAL METABOLISM

The initial hours after surgical or traumatic injury are metaboli-
cally associated with a reduced total body energy expenditure
and urinary nitrogen wasting. On adequate resuscitation and sta-
bilization of the injured patient, a reprioritization of substrate
use ensues to preserve vital organ function and to support repair
of injured tissue. This phase of recovery also is characterized
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Fuel utilization in short-term fasting man (70 kg)
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by functions that participate in the restoration of homeostasis,
such as augmented metabolic rates and oxygen consumption,
enzymatic preference for readily oxidizable substrates such as
glucose, and stimulation of the immune system. Understanding
of the collective alterations in amino acid (protein), carbohy-
drate, and lipid metabolism characteristic of the surgical patient
lays the foundation upon which metabolic and nutritional sup-
port can be implemented.

Metabolism during Fasting

Fuel metabolism during unstressed fasting states has historically
served as the standard to which metabolic alterations after acute
injury and critical illness are compared (Fig. 2-14). To maintain
basal metabolic needs (i.e., at rest and fasting), a normal healthy
adult requires approximately 22 to 25 kcal/kg per day drawn
from carbohydrate, lipid, and protein sources. This requirement
can be as high as 40 kcal/kg per day in severe stress states, such
as those seen in patients with burn injuries.

A. Body fuel reserves in a 70-kg man and
B. Energy equivalent of substrate oxidation

the latter being most abundant.
Heart RBC =red blood cell; WBC = white
Kidney blood cell. (Adapted from Cahill GF:
Muscle Starvation in man. N Engl J Med.

1970;282:668.)

In the healthy adult, principal sources of fuel during short-
term fasting (<5 days) are derived from muscle protein and body
fat, with fat being the most abundant source of energy (Table 2-8).
The normal adult body contains 300 to 400 g of carbohydrates
in the form of glycogen, of which 75 to 100 g are stored in the
liver. Approximately 200 to 250 g of glycogen are stored within
skeletal, cardiac, and smooth muscle cells. The greater glycogen
stores within the muscle are not readily available for systemic
use due to a deficiency in glucose-6-phosphatase but are avail-
able for the energy needs of muscle cells. Therefore, in the fast-
ing state, hepatic glycogen stores are rapidly and preferentially
depleted, which results in a fall of serum glucose concentration
within hours (<16 hours).

During fasting, a healthy 70-kg adult will use 180 g of
glucose per day to support the metabolism of obligate glycolytic
cells such as neurons, leukocytes, erythrocytes, and the renal
medullae. Other tissues that use glucose for fuel are skeletal
muscle, intestinal mucosa, fetal tissues, and solid tumors.

A. COMPONENT MASS (kg) ENERGY (kcal) |DAYS AVAILABLE

Water and minerals 49 0 0

Protein 6.0 24,000 13.0

Glycogen 0.2 800 0.4

Fat 15.0 140,000 78.0

Total 70.2 164,800 91.4
RESPIRATORY RECOMMENDED DAILY

B. SUBSTRATE 0, CONSUMED (L/g) |CO, PRODUCED (L/g) |QUOTIENT kcal/g REQUIREMENT

Glucose 0.75 0.75 1.0 4.0 7.2 g/kg per day

Dextrose — — — 34 —

Lipid 2.0 1.4 0.7 9.0 1.0 g/kg per day

Protein 1.0 0.8 0.8 4.0 0.8 g/kg per day
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Glucagon, NE, vasopressin, and angiotensin II can pro-
mote the utilization of glycogen stores (glycogenolysis) during
fasting. Although glucagon, EPI, and cortisol directly promote
gluconeogenesis, EPI and cortisol also promote pyruvate shut-
tling to the liver for gluconeogenesis. Precursors for hepatic glu-
coneogenesis include lactate, glycerol, and amino acids such as
alanine and glutamine. Lactate is released by glycolysis within
skeletal muscles, as well as by erythrocytes and leukocytes. The
recycling of lactate and pyruvate for gluconeogenesis is com-
monly referred to as the Cori cycle, which can provide up to
40% of plasma glucose during starvation (Fig. 2-15).

Lactate production from skeletal muscle is insufficient
to maintain systemic glucose needs during short-term fasting
(simple starvation). Therefore, significant amounts of protein
must be degraded daily (75 g/d for a 70-kg adult) to provide the
amino acid substrate for hepatic gluconeogenesis. Proteolysis

blood cell.

during starvation, which results primarily from decreased insu-
lin and increased cortisol release, is associated with elevated
urinary nitrogen excretion from the normal 7 to 10 g per day up
to 30 g or more per day.'** Although proteolysis during starva-
tion occurs mainly within skeletal muscles, protein degradation
in solid organs also occurs.

In prolonged starvation, systemic proteolysis is reduced to
approximately 20 g/d, and urinary nitrogen excretion stabilizes
at 2 to 5 g/d (Fig. 2-16). This reduction in proteolysis reflects
the adaptation by vital organs (e.g., myocardium, brain, renal
cortex, and skeletal muscle) to using ketone bodies as their prin-
cipal fuel source. In extended fasting, ketone bodies become an
important fuel source for the brain after 2 days and gradually
become the principal fuel source by 24 days.

Enhanced deamination of amino acids for gluconeogen-
esis during starvation consequently increases renal excretion of

Fuel utilization in long-term fasting man (70 kg)
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Figure 2-16. Fuel utilization in extended starvation. Liver glycogen stores are depleted, and there is adaptive reduction in proteolysis as a
source of fuel. The brain uses ketones for fuel. The kidneys become important participants in gluconeogenesis. RBC = red blood cell;
WBC = white blood cell. (Adapted from Cahill GF: Starvation in man. N Engl J Med. 1970;282:668.)

45

140ddNS I1109V.LIW ANV AYNCNI OL ISNO4SIY ITWILSAS



46

SNOILYY3IAISNOI JISv4

Fuel utilization following trauma
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ammonium ions. The kidneys also participate in gluconeogen-
esis by the use of glutamine and glutamate, and can become the
primary source of gluconeogenesis during prolonged starvation,
accounting for up to one half of systemic glucose production.
Lipid stores within adipose tissue provide 40% or more of
caloric expenditure during starvation. Energy requirements for
basal enzymatic and muscular functions (e.g., gluconeogenesis,
neural transmission, and cardiac contraction) are met by the
mobilization of triglycerides from adipose tissue. In a resting,
fasting, 70-kg person, approximately 160 g of free fatty acids
and glycerol can be mobilized from adipose tissue per day. Free
fatty acid release is stimulated in part by a reduction in serum
insulin levels and in part by the increase in circulating glucagon
and catecholamine. Such free fatty acids, like ketone bodies, are
used as fuel by tissues such as the heart, kidney (renal cortex),
muscle, and liver. The mobilization of lipid stores for energy
importantly decreases the rate of glycolysis, gluconeogenesis,
and proteolysis, as well as the overall glucose requirement to
sustain the host. Furthermore, ketone bodies spare glucose utili-
zation by inhibiting the enzyme pyruvate dehydrogenase.

Metabolism after Injury

Injuries or infections induce unique neuroendocrine and immu-
nologic responses that differentiate injury metabolism from that
of unstressed fasting (Fig. 2-17). The magnitude of metabolic
expenditure appears to be directly proportional to the severity
of insult, with thermal injuries and severe infections having the
highest energy demands (Fig. 2-18). The increase in energy
expenditure is mediated in part by sympathetic activation and
catecholamine release, which has been replicated by the admin-
istration of catecholamines to healthy human subjects. Lipid
metabolism after injury is intentionally discussed first, because
this macronutrient becomes the primary source of energy during
stressed states.'*

Lipid Metabolism after Injury

Lipids are not merely nonprotein, noncarbohydrate fuel sources
that minimize protein catabolism in the injured patient. Lipid
metabolism potentially influences the structural integrity of cell
membranes as well as the immune response during systemic
inflammation. Adipose stores within the body (triglycerides) are

white blood cell.

the predominant energy source (50% to 80%) during critical ill-
ness and after injury. Fat mobilization (lipolysis) occurs mainly
in response to catecholamine stimulus of the hormone-sensitive
triglyceride lipase. Other hormonal influences that potentiate
lipolysis include adrenocorticotropic hormone (ACTH), cat-
echolamines, thyroid hormone, cortisol, glucagon, GH release,
and reduction in insulin levels.!

Lipid Absorption. Although the process is poorly understood,
adipose tissue provides fuel for the host in the form of free fatty
acids and glycerol during critical illness and injury. Oxidation of
1 g of fat yields approximately 9 kcal of energy. Although the liver
is capable of synthesizing triglycerides from carbohydrates and

225 Major burns
200 + Sepsis/peritonitis
175 4 Skeletal trauma
Elective surgery
150
L
L
o 125
2
Normal
100 - range
75
Starvation
50
25 T T T T T 1
0 10 20 30 40 50

Days after injury

Figure 2-18. Influence of injury severity on resting metabolism
(resting energy expenditure, or REE). The shaded area indicates
normal REE. (From Long CL, Schaffel N, Geiger J, et al. Metabolic
response to injury and illness: estimation of energy and protein
needs from indirect calorimetry and nitrogen balance. JPEN J Par-
enter Enteral Nutr. 1979;3(6):452. Copyright © 1979 by A.S.P.E.N.
Reprinted by permission of Sage Publications.)
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Figure 2-19. Pancreatic lipase
within the small intestinal brush
borders hydrolyzes triglycerides
into monoglycerides and fatty acids.
These components readily diffuse
into the gut enterocytes, where they
I are re-esterified into triglycerides.

| The resynthesized triglycerides bind
carrier proteins to form chylomicrons,
which are transported by the lym-
phatic system. Shorter triglycerides
(those with <10 carbon atoms) can
bypass this process and directly enter
the portal circulation for transport to
the liver. CoA = coenzyme A.

amino acids, dietary and exogenous sources provide the major
source of triglycerides. Dietary lipids are not readily absorb-
able in the gut but require pancreatic lipase and phospholipase
within the duodenum to hydrolyze the triglycerides into free
fatty acids and monoglycerides. The free fatty acids and mono-
glycerides are then readily absorbed by gut enterocytes, which
resynthesize triglycerides by esterification of the monoglycer-
ides with fatty acyl coenzyme A (acyl-CoA) (Fig. 2-19). Long-
chain triglycerides (LCTs), defined as those with 12 carbons or
more, generally undergo this process of esterification and enter
the circulation through the lymphatic system as chylomicrons.
Shorter fatty acid chains directly enter the portal circulation and
are transported to the liver by albumin carriers. Hepatocytes use
free fatty acids as a fuel source during stress states but also can
synthesize phospholipids or triglycerides (i.e., very-low-density
lipoproteins) during fed states. Systemic tissue (e.g., muscle
and the heart) can use chylomicrons and triglycerides as fuel by
hydrolysis with lipoprotein lipase at the luminal surface of cap-
illary endothelium.'*® Trauma or sepsis suppresses lipoprotein
lipase activity in both adipose tissue and muscle, presumably
mediated by TNF.

Lipolysis and Fatty Acid Oxidation. Periods of energy
demand are accompanied by free fatty acid mobilization from
adipose stores. This is mediated by hormonal influences (e.g.,
catecholamines, ACTH, thyroid hormones, GH, and glucagon)
on triglyceride lipase through a cAMP pathway (Fig. 2-20). In
adipose tissues, triglyceride lipase hydrolyzes triglycerides into
free fatty acids and glycerol. Free fatty acids enter the capillary
circulation and are transported by albumin to tissues requir-
ing this fuel source (e.g., heart and skeletal muscle). Insulin
inhibits lipolysis and favors triglyceride synthesis by augment-
ing lipoprotein lipase activity as well as intracellular levels of
glycerol-3-phosphate. The use of glycerol for fuel depends on
the availability of tissue glycerokinase, which is abundant in the
liver and kidneys.

Free fatty acids absorbed by cells conjugate with acyl-
CoA within the cytoplasm. The transport of fatty acyl-CoA
from the outer mitochondrial membrane across the inner mito-
chondrial membrane occurs via the carnitine shuttle (Fig. 2-21).
Medium-chain triglycerides (MCTs), defined as those 6 to 12
carbons in length, bypass the carnitine shuttle and readily cross
the mitochondrial membranes. This accounts in part for the fact
that MCTs are more efficiently oxidized than LCTs. Ideally, the
rapid oxidation of MCTs makes them less prone to fat deposi-
tion, particularly within immune cells and the reticuloendothe-
lial system—a common finding with lipid infusion in parenteral
nutrition."”” However, exclusive use of MCTs as fuel in animal
studies has been associated with higher metabolic demands and
toxicity, as well as essential fatty acid deficiency.

Within the mitochondria, fatty acyl-CoA undergoes beta
oxidation, which produces acetyl-CoA with each pass through
the cycle. Each acetyl-CoA molecule subsequently enters the
tricarboxylic acid (TCA) cycle for further oxidation to yield
12 ATP molecules, carbon dioxide, and water. Excess acetyl-
CoA molecules serve as precursors for ketogenesis. Unlike
glucose metabolism, oxidation of fatty acids requires propor-
tionally less oxygen and produces less carbon dioxide. This is
frequently quantified as the ratio of carbon dioxide produced to
oxygen consumed for the reaction and is known as the respira-
tory quotient (RQ). An RQ of 0.7 would imply greater fatty
acid oxidation for fuel, whereas an RQ of 1 indicates greater
carbohydrate oxidation (overfeeding). An RQ of 0.85 suggests
the oxidation of equal amounts of fatty acids and glucose.

Ketogenesis

Carbohydrate depletion slows the entry of acetyl-CoA into
the TCA cycle secondary to depleted TCA intermediates and
enzyme activity. Increased lipolysis and reduced systemic car-
bohydrate availability during starvation diverts excess acetyl-
CoA toward hepatic ketogenesis. A number of extrahepatic
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Figure 2-20. Fat mobilization in adipose tissue. Triglyceride lipase activation by hormonal stimulation of adipose cells occurs through
the cyclic adenosine monophosphate (cAMP) pathway. Triglycerides are serially hydrolyzed with resultant free fatty acid (FFA) release at
every step. The FFAs diffuse readily into the capillary bed for transport. Tissues with glycerokinase can use glycerol for fuel by forming
glycerol-3-phosphate. Glycerol-3-phosphate can esterify with FFAs to form triglycerides or can be used as a precursor for renal and hepatic
gluconeogenesis. Skeletal muscle and adipose cells have little glycerokinase and thus do not use glycerol for fuel.

tissues, but not the liver itself, are capable of using ketones for
fuel. Ketosis represents a state in which hepatic ketone produc-
tion exceeds extrahepatic ketone utilization.

The rate of ketogenesis appears to be inversely related to the
severity of injury. Major trauma, severe shock, and sepsis attenu-
ate ketogenesis by increasing insulin levels and by causing rapid
tissue oxidation of free fatty acids. Minor injuries and infections
are associated with modest elevations in plasma free fatty acid
concentrations and ketogenesis. However, in minor stress states
ketogenesis does not exceed that in nonstressed starvation.

Carbohydrate Metabolism
Ingested and enteral carbohydrates are primarily digested in the
small intestine, where pancreatic and intestinal enzymes reduce
the complex carbohydrates to dimeric units. Disaccharidases
(e.g., sucrase, lactase, and maltase) within intestinal brush bor-
ders dismantle the complex carbohydrates into simple hexose
units, which are transported into the intestinal mucosa. Glu-
cose and galactose are primarily absorbed by energy-dependent
active transport coupled to the sodium pump. Fructose absorp-
tion, however, occurs by concentration-dependent facilitated
diffusion. Neither fructose or galactose within the circulation
nor exogenous mannitol (for neurologic injury) evokes an insu-
lin response. Intravenous administration of low-dose fructose in
fasting humans has been associated with nitrogen conservation,
but the clinical utility of fructose administration in human injury
remains to be demonstrated.

Discussion of carbohydrate metabolism primarily refers to
the utilization of glucose. The oxidation of 1 g of carbohydrate

yields 4 kcal, but sugar solutions such as those found in intra-
venous fluids or parenteral nutrition provide only 3.4 kcal/g of
dextrose. In starvation, glucose production occurs at the expense
of protein stores (i.e., skeletal muscle). Hence, the primary goal
for maintenance glucose administration in surgical patients is
to minimize muscle wasting. The exogenous administration of
small amounts of glucose (approximately 50 g/d) facilitates fat
entry into the TCA cycle and reduces ketosis. Unlike in starva-
tion in healthy subjects, in septic and trauma patients, provision
of exogenous glucose never has been shown to fully suppress
amino acid degradation for gluconeogenesis. This suggests that
during periods of stress, other hormonal and proinflammatory
mediators have a profound influence on the rate of protein deg-
radation and that some degree of muscle wasting is inevitable.
The administration of insulin, however, has been shown to
reverse protein catabolism during severe stress by stimulating
protein synthesis in skeletal muscles and by inhibiting hepato-
cyte protein degradation. Insulin also stimulates the incorpora-
tion of elemental precursors into nucleic acids in association
with RNA synthesis in muscle cells.

In cells, glucose is phosphorylated to form glucose-6-
phosphate. Glucose-6-phosphate can be polymerized during gly-
cogenesis or catabolized in glycogenolysis. Glucose catabolism
occurs by cleavage to pyruvate or lactate (pyruvic acid pathway)
or by decarboxylation to pentoses (pentose shunt) (Fig. 2-22).

Excess glucose from overfeeding, as reflected by RQs
>1.0, can result in conditions such as glucosuria, thermogenesis,
and conversion to fat (lipogenesis). Excessive glucose adminis-
tration results in elevated carbon dioxide production, which may
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be deleterious in patients with suboptimal pulmonary function,
as well as hyperglycemia, which may contribute to infectious
risk and immune suppression.

Injury and severe infections acutely induce a state of
peripheral glucose intolerance, despite ample insulin production
at levels several fold above baseline. This may occur in part due
to reduced skeletal muscle pyruvate dehydrogenase activity after
injury, which diminishes the conversion of pyruvate to acetyl-
CoA and subsequent entry into the TCA cycle. The three-carbon
structures (e.g., pyruvate and lactate) that consequently accumu-
late are shunted to the liver as substrate for gluconeogenesis.
Furthermore, regional tissue catheterization and isotope dilution
studies have shown an increase in net splanchnic glucose pro-
duction by 50% to 60% in septic patients and a 50% to 100%
increase in burn patients.'*” The increase in plasma glucose lev-
els is proportional to the severity of injury, and this net hepatic
gluconeogenic response is believed to be under the influence of
glucagon. Unlike in the nonstressed subject, in the hypermeta-
bolic, critically ill patient, the hepatic gluconeogenic response
to injury or sepsis cannot be suppressed by exogenous or excess
glucose administration but rather persists. Hepatic gluconeogen-
esis, arising primarily from alanine and glutamine catabolism,
provides a ready fuel source for tissues such as those of the ner-
vous system, wounds, and erythrocytes, which do not require
insulin for glucose transport. The elevated glucose concentra-
tions also provide a necessary energy source for leukocytes in
inflamed tissues and in sites of microbial invasions.

The shunting of glucose away from nonessential organs
such as skeletal muscle and adipose tissues is mediated by cat-
echolamines. Experiments with infusing catecholamines and
glucagon in animals have demonstrated elevated plasma glu-
cose levels as a result of increased hepatic gluconeogenesis and
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Figure 2-22. Simplified schema of
glucose catabolism through the pen-
tose monophosphate pathway or by
breakdown into pyruvate. Glucose-
6-phosphate becomes an important
“crossroad” for glucose metabolism.
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peripheral insulin resistance. Interestingly, although glucocorti-
coid infusion alone does not increase glucose levels, it does pro-
long and augment the hyperglycemic effects of catecholamines
and glucagon when glucocorticoid is administered concurrently
with the latter.

Glycogen stores within skeletal muscles can be mobi-
lized by EPI activation of B-adrenergic receptors, GTP-binding
proteins (G proteins), which subsequently activates the second
messenger, cCAMP. The cAMP activates phosphorylase kinase,
which in turn leads to conversion of glycogen to glucose-1-
phosphate. Phosphorylase kinase also can be activated by the
second messenger, calcium, through the breakdown of phos-
phatidylinositol phosphate, which is the case in vasopressin-
mediated hepatic glycogenolysis.'?

Glucose Transport and Signaling. Hydrophobic cell mem-
branes are relatively impermeable to hydrophilic glucose mol-
ecules. There are two distinct classes of membrane glucose
transporters in human systems. These are the facilitated dif-
fusion glucose transporters (GLUTSs) that permit the transport
of glucose down a concentration gradient (Table 2-9) and the
Nat/glucose secondary active transport system (SGLT), which
transports glucose molecules against concentration gradients by
active transport.

Numerous functional human GLUTs have been cloned
since 1985. GLUT!1 is expressed at its highest level in human
erythrocytes, where it may function to increase the glucose car-
rying capacity of the blood. It is expressed on several other tis-
sues, but little is found in the liver and skeletal muscle. GLUT1
plays a critical role in cerebral glucose uptake as the major
GLUT isoform that is constitutively expressed by the endothe-
lium in the blood-brain barrier. GLUT?2 is the major glucose
transporter of hepatocytes. It is also expressed by intestinal
absorptive cells, pancreatic B-cells, renal tubule cells, and insu-
lin-secreting B-cells of the pancreas. GLUT?2 is important for
glucose uptake and release in the fed and fasted states. GLUT3
is highly expressed in neuronal tissue of the brain and appears to
be important to neuronal glucose uptake. GLUT4 is significant
to human metabolism because it is the primary glucose trans-
porter of insulin-sensitive tissues, adipose tissue, and skeletal
and cardiac muscle. Under basal conditions, these transporters
are usually packaged as intracellular vesicles, but when insulin
levels rise, rapid translocation of these vesicles to the cell surface
occurs, increasing glucose uptake and metabolism in these tissues
and preventing chronic elevations in blood glucose levels.

Human facilitated diffusion glucose transporter
(GLUT) family

TYPE AMINO ACIDS MAJOR EXPRESSION SITES

GLUT1 492 Placenta, brain, kidney, colon

GLUT2 524 Liver, pancreatic -cells,
kidney, small intestine

GLUT3 496 Brain, testis

GLUT4 509 Skeletal muscle, heart
muscle, brown and white fat

GLUTS 501 Small intestine, sperm

A defect in this insulin-mediated translocation of GLUT4 to the
plasma membrane causes peripheral insulin resistance. GLUT4
therefore plays a critical role in the regulation of whole-body
glucose homeostasis. GLUTS has been identified in several tis-
sues but is primarily expressed in the jejunum. Although it pos-
sesses some capacity for glucose transport, it is predominantly
a fructose transporter.'>

SGLTs are distinct glucose transport systems found in the
intestinal epithelium and in the proximal renal tubules. These
systems transport both sodium and glucose intracellularly, and
glucose affinity for this transporter increases when sodium ions
are attached. SGLT1 is prevalent on brush borders of small
intestine enterocytes and primarily mediates the active uptake of
luminal glucose. In addition, SGLT1 within the intestinal lumen
also enhances gut retention of water through osmotic absorp-
tion. SGLT1 and SGLT?2 are both associated with glucose reab-
sorption at proximal renal tubules.

Protein and Amino Acid Metabolism

The average protein intake in healthy young adults ranges from
80 to 120 g/d, and every 6 g of protein yields approximately 1 g of
nitrogen. The degradation of 1 g of protein yields approximately
4 kcal of energy, similar to the yield in carbohydrate metabolism.

After injury, the initial systemic proteolysis, mediated pri-
marily by glucocorticoids, increases urinary nitrogen excretion
to levels in excess of 30 g/d, which roughly corresponds to a
loss in lean body mass of 1.5% per day. An injured individual
who does not receive nutrition for 10 days can theoretically lose
15% lean body mass. Therefore, amino acids cannot be con-
sidered a long-term fuel reserve, and indeed excessive protein
depletion (i.e., 25% to 30% of lean body weight) is not compat-
ible with sustaining life.!

Protein catabolism after injury provides substrates for
gluconeogenesis and for the synthesis of acute-phase proteins.
Radiolabeled amino acid incorporation studies and protein anal-
yses confirm that skeletal muscles are preferentially depleted
acutely after injury, whereas visceral tissues (e.g., the liver
and kidney) remain relatively preserved. The accelerated urea
excretion after injury also is associated with the excretion of
intracellular elements such as sulfur, phosphorus, potassium,
magnesium, and creatinine. Conversely, the rapid utilization
of elements such as potassium and magnesium during recovery
from major injury may indicate a period of tissue healing.

The net changes in protein catabolism and synthesis corre-
spond to the severity and duration of injury (Fig. 2-23). Elective
operations and minor injuries result in lower protein synthesis
and moderate protein breakdown. Severe trauma, burns, and
sepsis are associated with increased protein catabolism. The
rise in urinary nitrogen and negative nitrogen balance can be
detected early after injury and peak by 7 days. This state of pro-
tein catabolism may persist for as long as 3 to 7 weeks. The patient’s
prior physical status and age appear to influence the degree of
proteolysis after injury or sepsis. Activation of the ubiquitin-
proteasome system in muscle cells is one of the major pathways
for protein degradation during acute injury. This response is
accentuated by tissue hypoxia, acidosis, insulin resistance, and
elevated glucocorticoid levels.

NUTRITION IN THE SURGICAL PATIENT

The goal of nutritional support in the surgical patient is to
prevent or reverse the catabolic effects of disease or injury.
Although several important biologic parameters have been used
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to measure the efficacy of nutritional regimens, the ultimate
validation for nutritional support in surgical patients should be
improvement in clinical outcome and restoration of function.

Estimation of Energy Requirements

Overall nutritional assessment is undertaken to determine the
severity of nutrient deficiencies or excess and to aid in predict-
ing nutritional requirements. Pertinent information is obtained
by determining the presence of weight loss, chronic illnesses,
or dietary habits that influence the quantity and quality of food
intake. Social habits predisposing to malnutrition and the use of
medications that may influence food intake or urination should
also be investigated. Physical examination seeks to assess loss
of muscle and adipose tissues, organ dysfunction, and subtle
changes in skin, hair, or neuromuscular function reflecting
frank or impending nutritional deficiency. Anthropometric data
(i.e., weight change, skinfold thickness, and arm circumference
muscle area) and biochemical determinations (i.e., creatinine
excretion, albumin level, prealbumin level, total lymphocyte
count, and transferrin level) may be used to substantiate the
patient’s history and physical findings. However, it is imprecise
to rely on any single or fixed combination of the findings to
accurately assess nutritional status or morbidity. Appreciation
for the stresses and natural history of the disease process, in
combination with nutritional assessment, remains the basis for
identifying patients in acute or anticipated need of nutritional
support.

A fundamental goal of nutritional support is to meet the
energy requirements for essential metabolic processes and tissue
repair. Failure to provide adequate nonprotein energy sources
will lead to consumption of lean tissue stores. The requirement
for energy may be measured by indirect calorimetry and trends
in serum markers (e.g., prealbumin level) and estimated from
urinary nitrogen excretion, which is proportional to resting
energy expenditure.'*® However, the use of indirect calorimetry,
particularly in the critically ill patient, is labor intensive and
often leads to overestimation of caloric requirements.

by permission of Sage Publications.)

Basal energy expenditure (BEE) may also be estimated
using the Harris-Benedict equations:

BEE (men) = 66.47 + 13.75 (W) + 5.0 (H) — 6.76 (A) kcal/d
BEE (women) = 655.1 +9.56 (W) +
1.85 (H) — 4.68 (A) kcal/d

where W = weight in kilograms; H = height in centimeters; and
A =age in years.

These equations, adjusted for the type of surgical stress,
are suitable for estimating energy requirements in the majority of
hospitalized patients. It has been demonstrated that the provision
of 30 kcal/kg per day will adequately meet energy requirements in
most postsurgical patients, with a low risk of overfeeding. After
trauma or sepsis, energy substrate demands are increased, neces-
sitating greater nonprotein calories beyond calculated energy
expenditure (Table 2-10). These additional nonprotein calories
provided after injury are usually 1.2 to 2.0 times greater than
calculated resting energy expenditure, depending on the type of
injury. It is seldom appropriate to exceed this level of nonprotein
energy intake during the height of the catabolic phase.

The second objective of nutritional support is to meet
the substrate requirements for protein synthesis. An appro-
priate nonprotein-calorie:nitrogen ratio of 150:1 (e.g., 1 g N =
6.25 g protein) should be maintained, which is the basal calorie
requirement provided to limit the use of protein as an energy
source. There is now greater evidence suggesting that increased
protein intake and a lower calorie:nitrogen ratio of 80:1 to 100:1
may benefit healing in selected hypermetabolic or critically ill
patients. In the absence of severe renal or hepatic dysfunction
precluding the use of standard nutritional regimens, approxi-
mately 0.25 to 0.35 g of nitrogen per kilogram of body weight
should be provided daily.'!

Vitamins and Minerals
The requirements for vitamins and essential trace miner-
als usually can be met easily in the average patient with an
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Caloric adjustments above basal energy expenditure (BEE) in hypermetabolic conditions
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GRAMS OF PROTEIN/ | NONPROTEIN CALORIES:

CONDITION kcal/kg PER DAY ADJUSTMENT ABOVE BEE | kg PER DAY NITROGEN
Normal/moderate 25-30 1.1 1.0 150:1

malnutrition

Mild stress 25-30 1.2 1.2 150:1

Moderate stress 30 1.4 1.5 120:1

Severe stress 30-35 1.6 2.0 90-120:1

Burns 35-40 2.0 2.5 90-100:1

uncomplicated postoperative course. Therefore, vitamins usu-
ally are not given in the absence of preoperative deficiencies.
Patients maintained on elemental diets or parenteral hyperali-
mentation require complete vitamin and mineral supplemen-
tation. Commercial enteral diets contain varying amounts of
essential minerals and vitamins. It is necessary to ensure that
adequate replacement is available in the diet or by supplemen-
tation. Numerous commercial vitamin preparations are avail-
able for intravenous or intramuscular use, although most do not
contain vitamin K and some do not contain vitamin B, or folic
acid. Supplemental trace minerals may be given intravenously
via commercial preparations. Essential fatty acid supplementa-
tion also may be necessary, especially in patients with depletion
of adipose stores.

Overfeeding

Overfeeding usually results from overestimation of caloric
needs, as occurs when actual body weight is used to calculate
the BEE in patient populations such as the critically ill with sig-
nificant fluid overload and the obese. Indirect calorimetry can
be used to quantify energy requirements but frequently overes-
timates BEE by 10% to 15% in stressed patients, particularly if
they are receiving ventilatory support. In these instances, esti-
mated dry weight should be obtained from preinjury records or
family members. Adjusted lean body weight also can be cal-
culated. Overfeeding may contribute to clinical deterioration
via increased oxygen consumption, increased carbon dioxide
production and prolonged need for ventilatory support, fatty
liver, suppression of leukocyte function, hyperglycemia, and
increased risk of infection.

ENTERAL NUTRITION

Rationale for Enteral Nutrition
Enteral nutrition generally is preferred over parenteral nutrition
based on the lower cost of enteral feeding and the associated
risks of the intravenous route, including vascular access com-
plications.'*? Of further consideration are the consequences of
gastrointestinal tract disuse, which include diminished secre-
tory IgA production and cytokine production as well as bac-
terial overgrowth and altered mucosal defenses. For example,
laboratory models have long demonstrated that luminal nutrient
contact reduces intestinal mucosal atrophy compared with par-
enteral or no nutritional support.

The benefits of enteral feeding in patients undergo-
ing elective surgery appear to be linked to their preoperative

nutritional status. Studies comparing postoperative enteral and
parenteral nutrition in patients undergoing gastrointestinal sur-
gery have demonstrated reduced infectious complications and
acute-phase protein production in those fed by the enteral route.
Yet prospectively randomized studies of patients with adequate
nutritional status (albumin >4 g/dL) undergoing gastrointestinal
surgery demonstrate no differences in outcome and complica-
tions between those administered enteral nutrition and those
given maintenance intravenous fluids alone in the initial days
after surgery.'* Furthermore, intestinal permeability studies in
well-nourished patients undergoing upper gastrointestinal can-
cer surgery demonstrated normalization of intestinal permeabil-
ity and barrier function by the fifth postoperative day.'** The
data for critically ill or injured patients are more definitive as to
the benefits of enteral nutrition. Meta-analysis of studies involv-
ing critically ill patients demonstrates a 44% reduction in infec-
tious complications in those receiving enteral nutritional support
compared with those receiving parenteral nutrition. Most pro-
spectively randomized studies in patients with severe abdomi-
nal and thoracic trauma demonstrate significant reductions in
infectious complications in patients given early enteral nutri-
tion compared with those who were unfed or received parenteral
nutrition. In critically ill patients, prospective studies have also
demonstrated that early enteral nutrition is associated with bet-
ter small-intestinal carbohydrate absorption, shorter duration of
mechanical ventilation, and shorter time in the intensive care
6 unit. The exception has been in studies of patients with

closed-head injury, in whom no significant differences in
outcome were demonstrated between early jejunal feeding and
other nutritional support modalities. Moreover, early gastric
feeding after closed-head injury was frequently associated with
underfeeding and calorie deficiency due to the difficulties in
overcoming gastroparesis and the high risk of aspiration. While
current evidence remains inconclusive about the benefits of
“early” (as defined by feeding in the first 24 hours) versus “late”
(as defined by feeding >24 hours after burn) enteral nutrition in
burn patients as to its impact on mortality rates, there is reason
to believe that early enteral nutrition may positively modulate
the initial hypermetabolic response and help to maintain muco-
sal immunity.

In summary, enteral nutrition is preferred for most criti-
cally ill patients—an evidence-based practice supported by
clinical data involving a variety of critically ill patient popula-
tions, including those with trauma, burns, head injury, major

surgery, and acute pancreatitis. For intensive care unit

patients who are hemodynamically stable and have a



functioning gastrointestinal tract, early enteral feeding (within
24 to 48 hours of arrival in the intensive care unit) has become
a recommended standard of care.'* For patients undergoing
elective surgery, healthy patients without malnutrition who are
undergoing uncomplicated surgery can tolerate 10 days of par-
tial starvation (i.e., maintenance intravenous fluids only) before
any clinically significant protein catabolism occurs. Earlier
intervention is likely indicated for patients in whom preopera-
tive protein-calorie malnutrition has been identified. Other clini-
cal scenarios for which the benefits of enteral nutritional support
have been substantiated include permanent neurologic impair-
ment, oropharyngeal dysfunction, short-bowel syndrome, and
bone marrow transplantation.

Initiation of enteral nutrition should occur immediately
after adequate resuscitation, most readily determined by ade-
quate urine output. The presence of bowel sounds and the pas-
sage of flatus or stool are not absolute prerequisites for initiation
of enteral nutrition, but in the setting of gastroparesis, feedings
should be administered distal to the pylorus. Gastric residuals of
200 mL or more in a 4- to 6-hour period or abdominal distention
requires cessation of feeding and adjustment of the infusion rate.
Concomitant gastric decompression with distal small-bowel
feedings may be appropriate in certain patients such as closed-
head injury patients with gastroparesis. There is no evidence to
support withholding enteric feedings for patients after bowel
resection or for those with low-output enterocutaneous fistulas
of <500 mL/d. In fact, a recent systematic review of studies of
early enteral feeding (within 24 hours of gastrointestinal sur-
gery) showed no effect on anastomotic leak and a reduction in
mortality. Early enteral feeding is also associated with reduced
incidence of fistula formation in patients with open abdomen.
Enteral feeding should also be offered to patients with short-
bowel syndrome or clinical malabsorption, but necessary calo-
ries, essential minerals, and vitamins should be supplemented
using parenteral modalities.

Hypocaloric Enteral Nutrition

As noted earlier, critically ill and/or injured patients demon-
strate increased resting energy expenditure associated with
altered metabolism. While several methods exist to predict the
energy requirement, the recommended caloric dose for critically
ill patients varies, ranging from 25 to 30 kcal/kg. The perceived
benefit of achieving the caloric target is to meet the patient’s
energy needs and to avoid the loss of lean body mass. How-
ever, recent evidence supports the idea of caloric restriction,
attributing its benefits to improved cellular function in terms
of effects on mitochondrial free radical generation, the plasma
membrane redox system, and insulin sensitivity. Further sup-
port was offered by a single-center, randomized controlled trial
that compared permissive underfeeding with target enteral feed-
ing (caloric goal: 60% to 70% compared with 90% to 100%
of calculated requirement) in critically ill medical and surgical
patients.'*® This study demonstrated that permissive underfeed-
ing was associated with lower mortality and morbidity than was
target feeding. However, current guidelines do not recommend
hypocaloric feeding without confirmation of these data from
the multicenter trial that is currently ongoing. A recent study
examined the use of trophic feedings in patients with acute lung
injury. Trophic feedings refer to providing a minimal amount of
enteral feedings, which are presumed to have beneficial effects
despite not meeting daily caloric needs. When the trophic feed-
ing group (enteral feeding at 10 mL/h) was compared with the

full-feeding group (25 mL/h) over the first 6 days of feeding,
there was no improvement in ventilator-free days, 60-day mor-
tality, or infectious complications.'¥

Enteral Formulas

For most critically ill patients, the choice of enteral formula
will be determined by a number of factors and will include a
clinical judgment as to the “best fit” for the patients’ needs.
In general, feeding formulas to consider are gastrointestinal
tolerance-promoting, anti-inflammatory, immune-modulating,
organ supportive, and standard enteral nutrition. In addition,
guidelines from professional nutrition societies identify certain
populations of patients who can benefit from formulations with
specific pharmaconutrients.'*® For many others, each physician
must use his or her own clinical judgment about what formula
will best meet the patient’s needs.

The functional status of the gastrointestinal tract determines
the type of enteral solutions to be used. Patients with an intact
gastrointestinal tract will tolerate complex solutions, but patients
who have not been fed via the gastrointestinal tract for prolonged
periods are less likely to tolerate complex carbohydrates. In those
patients who are having difficulty tolerating standard enteral
formulas, peptide- and MCT-based formulas with prebiotics
can lessen gastrointestinal tolerance problems. Additionally, in
patients with demonstrated malabsorption issues, such as with
inflammatory bowel diseases or short-bowel syndrome, current
guidelines endorse the provision of hydrolyzed protein formulas
to improve absorption. Guidelines have not yet been made with
regard to the fiber content of enteral formulas. However, recent
evidence indicates that supplementation of enteral formulas with
soluble dietary fiber may be beneficial for improving stool con-
sistency in patients suffering from diarrhea.

Factors that influence the choice of enteral formula also
include the extent of organ dysfunction (e.g., renal, pulmonary,
hepatic, or gastrointestinal), the nutrients needed to restore
optimal function and healing, and the cost of specific products.
There are still no conclusive data to recommend one category
of product over another, and nutritional support committees
typically develop the most cost-efficient enteral formulary for
the most commonly encountered disease categories within the
institution.

As discussed extensively in the first sections of this chap-
ter, surgery and trauma result in a significant “sterile” inflam-
matory response that impacts the innate and adaptive immune
systems. The provision of immune-modulating nutrients, termed
“immunonutrition,” is one mechanism by which the immune
response can be supported and an attempt made to lower infec-
tious risk. At present, the best-studied immunonutrients are glu-
tamine, arginine, and ®-3 PUFAs.

“Immunonutrients.” Glutamine is the most abundant amino
acid in the human body, comprising nearly two thirds of the free
intracellular amino acid pool. Of this, 75% is found within the
skeletal muscles. In healthy individuals, glutamine is considered
a nonessential amino acid, because it is synthesized within the
skeletal muscles and the lungs. Glutamine is a necessary sub-
strate for nucleotide synthesis in most dividing cells and hence
provides a major fuel source for enterocytes. It also serves as
an important fuel source for immunocytes such as lymphocytes
and macrophages and is a precursor for glutathione, a major
intracellular antioxidant. During stress states such as sepsis, or
in tumor-bearing hosts, peripheral glutamine stores are rapidly
depleted, and the amino acid is preferentially shunted as a fuel

53

140ddNS JI109V1IW ANV AYNCNI OL ISNO4SIY IIWILSAS



54

SNOILYY3IAISNOI JISv4

source toward the visceral organs and tumors, respectively.'*
These situations create, at least experimentally, a glutamine-
depleted environment, with consequences including enterocyte
and immunocyte starvation. Glutamine metabolism during
stress in humans, however, may be more complex than is indi-
cated in previously reported animal data. Although it is hypoth-
esized that provision of glutamine may preserve immune cell
and enterocyte function and enhance nitrogen balance during
injury or sepsis, the clinical outcome is very strongly dependent
on the patient population, as will be discussed later.

Arginine, also a nonessential amino acid in healthy sub-
jects, first attracted attention for its immunoenhancing proper-
ties, wound-healing benefits, and association with improved
survival in animal models of sepsis and injury."® As with glu-
tamine, the benefits of experimental arginine supplementation
during stress states are diverse. In clinical studies involving
critically ill and injured patients and patients who have under-
gone surgery for certain malignancies, enteral administration of
arginine has led to net nitrogen retention and protein synthesis,
whereas isonitrogenous diets have not. Some of these studies
also provide in vitro evidence of enhanced immunocyte func-
tion. The clinical utility of arginine supplementation in improv-
ing overall patient outcome remains an area of investigation.

As previously discussed, ®-3 PUFAs (canola oil or fish
oil) displace m-6 fatty acids in cell membranes, which theoreti-
cally reduces the proinflammatory response from prostaglandin
production. Hence, there has been significant interest in reduc-
ing the ratio of ®-6 to ®-3 fatty acids.

Low-Residue Isotonic Formulas. Most low-residue isotonic
formulas provide a caloric density of 1.0 kcal/mL, and approxi-
mately 1500 to 1800 mL are required to meet daily require-
ments. These low-osmolarity compositions provide baseline
carbohydrates, protein, electrolytes, water, fat, and fat-soluble
vitamins (some do not have vitamin K) and typically have a
nonprotein-calorie:nitrogen ratio of 150:1. These contain no
fiber bulk and therefore leave minimum residue. These solutions
usually are considered to be the standard or first-line formulas
for stable patients with an intact gastrointestinal tract.

Isotonic Formulas with Fiber. Isotonic formulas with fiber
contain soluble and insoluble fiber, which is most often soy
based. Physiologically, fiber-based solutions delay intestinal
transit time and may reduce the incidence of diarrhea compared
with nonfiber solutions. Fiber stimulates pancreatic lipase activ-
ity and is degraded by gut bacteria into short-chain fatty acids
(SCFAs), an important fuel for colonocytes. Recent data have
also demonstrated the expression of SCFA receptors on leuko-
cytes, suggesting that fiber fermentation by the colonic microbi-
ome may indirectly regulate immune cell function. Future work
in this area is likely to demonstrate important links between
fiber type, microbiome composition, and immune health.

Immune-Enhancing Formulas. Immune-enhancing formulas
are fortified with special nutrients that are purported to enhance
various aspects of immune or solid organ function. Such addi-
tives include glutamine, arginine, ®-3 fatty acids, and nucleo-
tides.'>! Although several trials have proposed that one or more
of these additives reduce surgical complications and improve
outcome, these results have not been uniformly corroborated
by other trials. The Canadian Clinical Practice Guidelines cur-
rently do not recommend the addition of arginine supplements
for critically ill patients due to the potential for harm when used
in septic patients.”? With regard to -3 PUFAs, results from

the EDEN-Omega study demonstrated that twice-daily enteral
supplementation of ®-3 fatty acids, a-linolenic acid, and anti-
oxidants did not improve the primary endpoint of ventilator-free
days or other clinical outcomes in patients with acute lung injury
and may be harmful.'> Glutamine supplementation should be
strictly guided by the individual patient condition. Enteral and
parenteral supplementation with glutamine appears to have a
harmful effect in critically ill patients with multiorgan failure
as evidenced by significantly increased mortality (REDOXS
study). However, for burn or trauma patients who are hemo-
dynamically stable and without evidence of organ dysfunction,
glutamine supplementation has been shown to be beneficial in
terms of decreased LOS and infectious complications.

Calorie-Dense Formulas. The primary distinction of calorie-
dense formulas is a greater caloric value for the same volume.
Most commercial products of this variety provide 1.5 to 2 kcal/mL
and therefore are suitable for patients requiring fluid restriction
or those unable to tolerate large-volume infusions. As expected,
these solutions have higher osmolality than standard formulas
and are suitable for intragastric feedings.

High-Protein Formulas. High-protein formulas are available
in isotonic and nonisotonic mixtures and are proposed for criti-
cally ill or trauma patients with high protein requirements. These
formulas have nonprotein-calorie:nitrogen ratios between 80:1
and 120:1. While some observational studies show improved
outcomes with higher protein intakes in critically ill patients,
there are limited data from randomized trials, which prevents
making strong conclusions about the dose of protein in critically
ill patients.

Elemental Formulas. Elemental formulas contain predigested
nutrients and provide proteins in the form of small peptides.
Complex carbohydrates are limited, and fat content, in the form
of MCTs and LCTs, is minimal. The primary advantage of such
a formula is ease of absorption, but the inherent scarcity of fat,
associated vitamins, and trace elements limits its long-term use
as a primary source of nutrients. Due to its high osmolarity,
dilution or slow infusion rates usually are necessary, particu-
larly in critically ill patients. These formulas have been used
frequently in patients with malabsorption, gut impairment, and
pancreatitis, but their cost is significantly higher than that of
standard formulas. To date, there has been no evidence of their
benefit in routine use.

Renal Failure Formulas. The primary benefits of renal for-
mulas are the lower fluid volume and concentrations of potas-
sium, phosphorus, and magnesium needed to meet daily calorie
requirements. This type of formulation almost exclusively
contains essential amino acids and has a high nonprotein-
calorie:nitrogen ratio; however, it does not contain trace ele-
ments or vitamins.

Pulmonary Failure Formulas. In pulmonary failure formulas,
fat content is usually increased to 50% of the total calories, with
a corresponding reduction in carbohydrate content. The goal is
to reduce carbon dioxide production and alleviate ventilation
burden for failing lungs.

Hepatic Failure Formulas. Close to 50% of the proteins in
hepatic failure formulas are branched-chain amino acids (e.g.,
leucine, isoleucine, and valine). The goal of such a formula is
to reduce aromatic amino acid levels and increase the levels
of branched-chain amino acids, which can potentially reverse
encephalopathy in patients with hepatic failure.'> The use of



these formulas is controversial, however, because no clear bene-
fits have been proven by clinical trials. Protein restriction should
be avoided in patients with end-stage liver disease, because such
patients have significant protein-energy malnutrition that pre-
disposes them to additional morbidity and mortality.'>

Access for Enteral Nutritional Support

The available techniques and repertoire for enteral access have
provided multiple options for feeding the gut. Presently used meth-
ods and preferred indications are summarized in Table 2-11.1%

Nasoenteric Tubes. Nasogastric feeding should be reserved
for those with intact mentation and protective laryngeal reflexes
to minimize risks of aspiration. Even in intubated patients, naso-
gastric feedings often can be recovered from tracheal suction.
Nasojejunal feedings are associated with fewer pulmonary
complications including risk of pneumonia, but access past the
pylorus requires greater effort to accomplish. Therefore, routine
use of small-bowel feedings is preferred in units where small-
bowel access is readily feasible. Where there may be difficul-
ties obtaining access, small-bowel feedings may be considered
a priority for those patients at high risk for intolerance to enteral
nutrition (e.g., high gastric residuals).

Blind insertion of nasogastric feeding tubes is fraught with
misplacement, and air instillation with auscultation is inaccurate
for ascertaining proper positioning. Radiographic confirmation
is usually required to verify the position of the nasogastric feed-
ing tube.

Several methods have been recommended for the passage
of nasoenteric feeding tubes into the small bowel, including use
of prokinetic agents, right lateral decubitus positioning, gas-
tric insufflation, tube angulation, and application of clockwise
torque. However, the successful placement of feeding tubes
by these methods is highly variable and operator dependent.

Options for enteral feeding access

Furthermore, it is time consuming, and success rates for intu-
bation past the duodenum into the jejunum by these methods
are <20%. Fluoroscopy-guided intubation past the pylorus has a
>90% success rate, and more than half of these intubations result
in jejunal placement. Similarly, endoscopy-guided placement
past the pylorus has high success rates, but attempts to advance
the tube beyond the second portion of the duodenum using a
standard gastroduodenoscope are unlikely to be successful.

Small-bowel feeding is more reliable for delivering nutri-
tion than nasogastric feeding. Furthermore, the risks of aspi-
ration pneumonia can be reduced by 25% with small-bowel
feeding compared with nasogastric feeding. The disadvantages
of the use of nasoenteric feeding tubes are clogging, kink-
ing, and inadvertent displacement or removal of the tube and
nasopharyngeal complications. If nasoenteric feeding will be
required for longer than 30 days, access should be converted to
a percutaneous one. '’

Percutaneous Endoscopic Gastrostomy. The most common
indications for percutaneous endoscopic gastrostomy (PEG)
include impaired swallowing mechanisms, oropharyngeal or
esophageal obstruction, and major facial trauma. It is frequently
used for debilitated patients requiring caloric supplementation,
hydration, or frequent medication dosing. It is also appropriate
for patients requiring passive gastric decompression. Relative
contraindications for PEG placement include ascites, coagu-
lopathy, gastric varices, gastric neoplasm, and lack of a suitable
abdominal site. Most tubes are 18F to 28F in size and may be
used for 12 to 24 months.

Identification of the PEG site requires endoscopic transil-
lumination of the anterior stomach against the abdominal wall.
A 14-gauge angiocatheter is passed through the abdominal
wall into the fully insufflated stomach. A guidewire is threaded
through the angiocatheter, grasped by snares or forceps, and

ACCESS OPTION

COMMENTS

Nasogastric tube

Short-term use only; aspiration risks; nasopharyngeal trauma; frequent dislodgment

Nasoduodenal/nasojejunal tube

Short-term use; lower aspiration risks in jejunum; placement challenges (radiographic
assistance often necessary)

Percutaneous endoscopic
gastrostomy (PEG)

Endoscopy skills required; may be used for gastric decompression or bolus feeds; aspiration
risks; can last 12-24 mo; slightly higher complication rates with placement and site leaks

Surgical gastrostomy

Requires general anesthesia and small laparotomy; procedure may allow placement of extended
duodenal/jejunal feeding ports; laparoscopic placement possible

Fluoroscopic gastrostomy

Blind placement using needle and T-prongs to anchor to stomach; can thread smaller catheter
through gastrostomy into duodenum/jejunum under fluoroscopy

PEG-jejunal tube

Jejunal placement with regular endoscope is operator dependent; jejunal tube often dislodges
retrograde; two-stage procedure with PEG placement, followed by fluoroscopic conversion
with jejunal feeding tube through PEG

Direct percutaneous endoscopic
jejunostomy (DPEJ)

Direct endoscopic tube placement with enteroscope; placement challenges; greater injury risks

Surgical jejunostomy

Commonly carried out during laparotomy; general anesthesia; laparoscopic placement
usually requires assistant to thread catheter; laparoscopy offers direct visualization of catheter
placement

Fluoroscopic jejunostomy

Difficult approach with injury risks; not commonly done
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pulled out through the mouth. The tapered end of the PEG tube
is secured to the guidewire and is pulled into position out of
the abdominal wall. The PEG tube is secured without tension
against the abdominal wall, and many have reported using the
tube within hours of placement. It has been the practice of some
to connect the PEG tube to a drainage bag for passive decom-
pression for 24 hours before use, allowing more time for the
stomach to seal against the peritoneum.

If endoscopy is not available or technical obstacles pre-
clude PEG placement, the interventional radiologist can attempt
the procedure percutaneously under fluoroscopic guidance by
first insufflating the stomach against the abdominal wall with
a nasogastric tube. If this also is unsuccessful, surgical gas-
trostomy tube placement can be considered, particularly with
minimally invasive methods. When surgery is contemplated, it
may be wise to consider directly accessing the small bowel for
nutrition delivery.

Although PEG tubes enhance nutritional delivery, facili-
tate nursing care, and are superior to nasogastric tubes, serious
complications occur in approximately 3% of patients. These
complications include wound infection, necrotizing fasciitis,
peritonitis, aspiration, leaks, dislodgment, bowel perforation,
enteric fistulas, bleeding, and aspiration pneumonia.'®® For
patients with significant gastroparesis or gastric outlet obstruc-
tion, feedings through PEG tubes are hazardous. In such cases,
the PEG tube can be used for decompression and allow access
for converting the PEG tube to a transpyloric feeding tube.

Percutaneous Endoscopic Gastrostomy-Jejunostomy and
Direct Percutaneous Endoscopic Jejunostomy. Although
gastric bolus feedings are more physiologic, patients who can-
not tolerate gastric feedings or who have significant aspiration
risks should be fed directly past the pylorus. In the percutane-
ous endoscopic gastrostomy-jejunostomy (PEG-J) method, a
9F to 12F tube is passed through an existing PEG tube, past
the pylorus, and into the duodenum. This can be achieved by
endoscopic or fluoroscopic guidance. With weighted catheter
tips and guidewires, the tube can be further advanced past the
ligament of Treitz. However, the incidence of long-term PEG-J
tube malfunction has been reported to be >50% as a result of ret-
rograde tube migration into the stomach, kinking, or clogging.

Direct percutaneous endoscopic jejunostomy (DPEJ) tube
placement uses the same techniques as PEG tube placement but
requires an enteroscope or colonoscope to reach the jejunum.
DPEJ tube malfunctions are probably less frequent than PEG-J
tube malfunctions, and kinking or clogging is usually averted by
placement of larger-caliber catheters. The success rate of DPEJ
tube placement is variable because of the complexity of endo-
scopic skills required to locate a suitable jejunal site. In such
cases where endoscopic means are not feasible, surgical jeju-
nostomy tube placement is more appropriate, especially when
minimally invasive techniques are available.

Surgical Gastrostomy and Jejunostomy. For a patient
undergoing complex abdominal or trauma surgery, thought
should be given during surgery to the possible routes for sub-
sequent nutritional support, because laparotomy affords direct
access to the stomach or small bowel. The only absolute contra-
indication to feeding jejunostomy is distal intestinal obstruction.
Relative contraindications include severe edema of the intestinal
wall, radiation enteritis, inflammatory bowel disease, ascites,
severe immunodeficiency, and bowel ischemia. Needle-catheter
jejunostomies also can be done with a minimal learning curve.

The biggest drawback usually is possible clogging and knotting
of the 6F catheter.'>’

Abdominal distention and cramps are common adverse
effects of early enteral nutrition. Some have also reported
impaired respiratory mechanics as a result of intolerance to
enteral feedings. These are mostly correctable by temporarily
discontinuing feedings and resuming at a lower infusion rate.

Pneumatosis intestinalis and small-bowel necrosis are
infrequent but significant problems in patients receiving jejunal
tube feedings. Several contributing factors have been proposed,
including the hyperosmolarity of enteral solutions, bacte-
rial overgrowth, fermentation, and accumulation of metabolic
breakdown products. The common pathophysiology is believed
to be bowel distention and consequent reduction in bowel wall
perfusion. Risk factors for these complications include cardio-
genic and circulatory shock, vasopressor use, diabetes mellitus,
and chronic obstructive pulmonary disease. Therefore, enteral
feedings in the critically ill patient should be delayed until
adequate resuscitation has been achieved. As alternatives, dilut-
ing standard enteral formula, delaying the progression to goal
infusion rates, or using monomeric solutions with low osmolal-
ity requiring less digestion by the gastrointestinal tract all have
been successfully used.

PARENTERAL NUTRITION

Parenteral nutrition is the continuous infusion of a hyperosmo-
lar solution containing carbohydrates, proteins, fat, and other
necessary nutrients through an indwelling catheter inserted
into the superior vena cava. To obtain the maximum benefit, the
calorie:protein ratio must be adequate (at least 100 to 150 kcal/g
nitrogen), and both carbohydrates and proteins must be infused
simultaneously. When the sources of calories and nitrogen
are given at different times, there is a significant decrease in
nitrogen utilization. These nutrients can be given in quantities
considerably greater than the basic caloric and nitrogen require-
ments, and this method has proved to be highly successful in
achieving growth and development, positive nitrogen balance,
and weight gain in a variety of clinical situations. Clinical trials
and meta-analysis of studies of parenteral feeding in the peri-
operative period have suggested that preoperative nutritional
support may benefit some surgical patients, particularly those
with extensive malnutrition. Short-term use of parenteral nutri-
tion in critically ill patients (i.e., duration of <7 days) when
enteral nutrition may have been instituted is associated with
higher rates of infectious complications. After severe injury,
parenteral nutrition is associated with higher rates of infectious
risks than is enteral feeding (Table 2-12). Clinical studies have
demonstrated that parenteral feeding with complete bowel rest
results in augmented stress hormone and inflammatory mediator
response to an antigenic challenge. However, parenteral feeding
still is associated with fewer infectious complications than no
feeding at all. In cancer patients, delivery of parenteral nutri-
tion has not been shown to benefit clinical response, prolong
survival, or ameliorate the toxic effects of chemotherapy, and
infectious complications are increased.

Rationale for Parenteral Nutrition

The principal indications for parenteral nutrition are malnu-
trition, sepsis, or surgical or traumatic injury in seriously ill
patients for whom use of the gastrointestinal tract for feedings
is not possible. In some instances, intravenous nutrition may
be used to supplement inadequate oral intake. The safe and



Incidence of septic morbidity in parenterally and enterally fed trauma patients

BLUNT TRAUMA PENETRATING TRAUMA TOTAL
COMPLICATION TEN N = 48 TPN N = 44 TEN N = 38 TPN N = 48 TEN N = 44 TPN N = 84
Abdominal abscess 2 1 2 6 4 7
Pneumonia 4 10 1 2 5 12
Wound infection 0 2 3 1 3
Bacteremia 1 0 1 1
Urinary tract 1 0 1 1
Other 5 4 1 1 6 5
Total complications 13 22 7 12 20 34
% Complications per |27% 50% 18% 30% 23% 39%
patient group

Source: Reproduced with permission from Moore FA, Feliciano DV, Andrassy RJ et al. Early enteral feeding, compared with parenteral, reduces postop-

erative septic complications. Ann Surg. 1992;216(2):172-183.

successful use of parenteral nutrition requires proper selection
of patients with specific nutritional needs, experience with the
technique, and an awareness of the associated complications. In
patients with significant malnutrition, parenteral nutrition can
rapidly improve nitrogen balance, which may enhance immune
function. Routine postoperative use of parenteral nutrition is not
shown to have clinical benefit and may be associated with a
significant increase in complication rate. As with enteral nutri-
tion, the fundamental goals are to provide sufficient calories
and nitrogen substrate to promote tissue repair and to maintain
the integrity or growth of lean tissue mass. The following are
patient groups for whom parenteral nutrition has been used in
an effort to achieve these goals:

1. Newborn infants with catastrophic gastrointestinal anom-
alies, such as tracheoesophageal fistula, gastroschisis,
omphalocele, or massive intestinal atresia

2. Infants who fail to thrive due to gastrointestinal insufficiency
associated with short-bowel syndrome, malabsorption,
enzyme deficiency, meconium ileus, or idiopathic diarrhea

3. Adult patients with short-bowel syndrome secondary to mas-
sive small-bowel resection (<100 cm without colon or ileo-
cecal valve or <50 cm with intact ileocecal valve and colon)

4. Patients with enteroenteric, enterocolic, enterovesical, or
high-output enterocutaneous fistulas (>500 mL/d)

5. Surgical patients with prolonged paralytic ileus after major
operations (>7 to 10 days), multiple injuries, or blunt or
open abdominal trauma, or patients with reflex ileus com-
plicating various medical diseases

6. Patients with normal bowel length but with malabsorption
secondary to sprue, hypoproteinemia, enzyme or pancreatic
insufficiency, regional enteritis, or ulcerative colitis

7. Adult patients with functional gastrointestinal disor-
ders such as esophageal dyskinesia after cerebrovascular
accident, idiopathic diarrhea, psychogenic vomiting, or
anorexia nervosa

8. Patients with granulomatous colitis, ulcerative colitis, or
tuberculous enteritis in whom major portions of the absorp-
tive mucosa are diseased

9. Patients with malignancy, with or without cachexia, in
whom malnutrition might jeopardize successful use of a
therapeutic option

10. Patients in whom attempts to provide adequate calories by
enteral tube feedings or high residuals have failed

11. Critically ill patients who are hypermetabolic for >5 days
or for whom enteral nutrition is not feasible

Patients in whom hyperalimentation is contraindicated
include the following:

1. Patients for whom a specific goal for patient management is
lacking or for whom, instead of extending a meaningful life,
inevitable dying would be delayed

2. Patients experiencing hemodynamic instability or severe
metabolic derangement (e.g., severe hyperglycemia, azote-
mia, encephalopathy, hyperosmolality, and fluid-electrolyte
disturbances) requiring control or correction before hyper-
tonic intravenous feeding is attempted

3. Patients for whom gastrointestinal tract feeding is feasible;
in the vast majority of instances, this is the best route by
which to provide nutrition

4. Patients with good nutritional status

5. Infants with <8 cm of small bowel, because virtually all have
been unable to adapt sufficiently despite prolonged periods
of parenteral nutrition

6. Patients who are irreversibly decerebrate or otherwise
dehumanized

Total Parenteral Nutrition

Total parenteral nutrition (TPN), also referred to as central paren-
teral nutrition, requires access to a large-diameter vein to deliver
the entire nutritional requirements of the individual. Dextrose
content of the solution is high (15% to 25%), and all other mac-
ronutrients and micronutrients are deliverable by this route.

Peripheral Parenteral Nutrition

The lower osmolarity of the solution used for peripheral par-
enteral nutrition (PPN), secondary to reduced levels of dex-
trose (5% to 10%) and protein (3%), allows its administration
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via peripheral veins. Some nutrients cannot be supplemented
because they cannot be concentrated into small volumes. There-
fore, PPN is not appropriate for repleting patients with severe
malnutrition. It can be considered if central routes are not avail-
able or if supplemental nutritional support is required. Typi-
cally, PPN is used for short periods (<2 weeks). Beyond this
time, TPN should be instituted.

Initiation of Parenteral Nutrition

The basic solution for parenteral nutrition contains a final con-
centration of 15% to 25% dextrose and 3% to 5% crystalline
amino acids. The solutions usually are prepared in sterile condi-
tions in the pharmacy from commercially available kits contain-
ing the component solutions and transfer apparatus. Preparation
in the pharmacy under laminar flow hoods reduces the incidence
of bacterial contamination of the solution. Proper preparation
with suitable quality control is absolutely essential to avoid sep-
tic complications.

The proper provision of electrolytes and amino acids
must take into account routes of fluid and electrolyte loss,
renal function, metabolic rate, cardiac function, and the under-
lying disease state.

Intravenous vitamin preparations also should be added to
parenteral formulas. Vitamin deficiencies are rare occurrences
if such preparations are used. In addition, because vitamin K
is not part of any commercially prepared vitamin solution, it
should be supplemented on a weekly basis. During prolonged
parenteral nutrition with fat-free solutions, essential fatty acid
deficiency may become clinically apparent and manifests as
dry, scaly dermatitis and loss of hair. The syndrome may be
prevented by periodic infusion of a fat emulsion at a rate equiva-
lent to 10% to 15% of total calories. Essential trace minerals
may be required after prolonged TPN and may be supplied by
direct addition of commercial preparations. The most frequent
presentation of trace mineral deficiencies is the eczematoid rash
developing both diffusely and at intertriginous areas in zinc-
deficient patients. Other rare trace mineral deficiencies include
a microcytic anemia associated with copper deficiency and glu-
cose intolerance presumably related to chromium deficiency.
The latter complications are seldom seen except in patients
receiving parenteral nutrition for extended periods. The daily
administration of commercially available trace mineral supple-
ments will obviate most such problems.

Depending on fluid and nitrogen tolerance, parenteral
nutrition solutions generally can be increased over 2 to 3 days to
achieve the desired infusion rate. Insulin may be supplemented
as necessary to ensure glucose tolerance. Administration of
additional intravenous fluids and electrolytes may occasionally
be necessary in patients with persistently high fluid losses. The
patient should be carefully monitored for development of elec-
trolyte, volume, acid-base, and septic complications. Vital signs
and urinary output should be measured regularly, and the patient
should be weighed regularly. Frequent adjustments of the vol-
ume and composition of the solutions are necessary during the
course of therapy. Samples for measurement of electrolytes are
drawn daily until levels are stable and every 2 or 3 days there-
after. Blood counts, blood urea nitrogen level, levels of liver
function indicators, and phosphate and magnesium levels are
determined at least weekly.

The urine or capillary blood glucose level is checked every
6 hours, and serum glucose concentration is checked at least
once daily during the first few days of the infusion and at frequent

intervals thereafter. Relative glucose intolerance, which often
manifests as glycosuria, may occur after initiation of parenteral
nutrition. If blood glucose levels remain elevated or glycosuria
persists, the dextrose concentration may be decreased, the infu-
sion rate slowed, or regular insulin added to each bottle. The
rise in blood glucose concentration observed after initiating
parenteral nutrition may be temporary, as the normal pancreas
increases its output of insulin in response to the continuous car-
bohydrate infusion. In patients with diabetes mellitus, additional
insulin may be required.

Potassium is essential to achieve positive nitrogen bal-
ance and replace depleted intracellular stores. In addition, a
significant shift of potassium ion from the extracellular to the
intracellular space may take place because of the large glucose
infusion, with resultant hypokalemia, metabolic alkalosis, and
poor glucose utilization. In some cases as much as 240 mEq of
potassium ion daily may be required. Hypokalemia may cause
glycosuria, which would be treated with potassium, not insulin.
Thus, before giving insulin, the serum potassium level must be
checked to avoid exacerbating the hypokalemia.

Patients with insulin-dependent diabetes mellitus may
exhibit wide fluctuations in blood glucose levels while receiving
parenteral nutrition. This may require protocol-driven intrave-
nous insulin therapy. In addition, partial replacement of dex-
trose calories with lipid emulsions may alleviate these problems
in selected patients.

Lipid emulsions derived from soybean or safflower oils
are widely used as an adjunctive nutrient to prevent the develop-
ment of essential fatty acid deficiency, although recent data sup-
port reducing the overall ®-6 PUFA load in favor of ®-3 PUFAs
or MCTs. There is no evidence of enhanced metabolic benefit
when >10% to 15% of calories are provided as lipid emulsions.
Although the administration of 500 mL of 20% fat emulsion
one to three times a week is sufficient to prevent essential fatty
acid deficiency, it is common to provide fat emulsions on a daily
basis to provide additional calories. The triple mix of carbohy-
drate, fat, and amino acids is infused at a constant rate during
a 24-hour period. The theoretical advantages of a constant fat
infusion rate include increased efficiency of lipid utilization
and reduction in the impairment of reticuloendothelial function
normally identified with bolus lipid infusions. The addition of
lipids to an infusion bag may alter the stability of some micro-
nutrients in a dextrose—amino acid preparation.

The delivery of parenteral nutrition requires central intra-
venous access. Temporary or short-term access can be achieved
with a 16-gauge percutaneous catheter inserted into a subclavian
or internal jugular vein and threaded into the superior vena cava.
More permanent access with the intention of providing long-
term or home parenteral nutrition can be achieved by placement
of a catheter with a subcutaneous port for access by tunneling
a catheter with a substantial subcutaneous length or threading a
long catheter through the basilic or cephalic vein into the supe-
rior vena cava.

Complications of Parenteral Nutrition

Technical Complications. One of the more common and seri-
ous complications associated with long-term parenteral feed-
ing is sepsis secondary to contamination of the central venous
catheter. Contamination of solutions should be also considered
but is rare when proper pharmacy protocols have been fol-
lowed. Central line—associated bloodstream infections (CLA-
BSI) occur as a consequence of hematogenous seeding of the



catheter with bacteria. One of the earliest signs of systemic sep-
sis from CLA-BSI may be the sudden development of glucose
intolerance (with or without temperature increase) in a patient
who previously has been maintained on parenteral alimentation
without difficulty. When this occurs, or if high fever (>38.5°C
[101.3°F]) develops without obvious cause, a diligent search
for a potential septic focus is indicated. Other causes of fever
should also be investigated. If fever persists, the infusion cath-
eter should be removed and submitted for culture. If the catheter
is the cause of the fever, removal of the infectious source is
usually followed by rapid defervescence. Some centers are now
replacing catheters considered at low risk for infection over a
guidewire. However, if blood cultures are positive and the cath-
eter tip is also positive, then the catheter should be removed and
placed in a new site. Should evidence of infection persist over
24 to 48 hours without a definable source, the catheter should
be replaced into the opposite subclavian vein or into one of the
internal jugular veins and the infusion restarted.'®

The use of multilumen catheters may be associated with
a slightly increased risk of infection. This is most likely asso-
ciated with greater catheter manipulation and intensive use.
The rate of catheter infection is highest for those placed in the
femoral vein, lower for those in the jugular vein, and lowest for
those in the subclavian vein. When catheters are indwelling for
<3 days, infection risks are negligible. If indwelling time is 3 to
7 days, the infection risk is 3% to 5%. Indwelling times of
>7 days are associated with a catheter infection risk of 5% to
10%. Strict adherence to barrier precautions also reduces the rate
of infection, as can the implementation of procedure checklists
to ensure compliance with evidence-based guidelines shown to
reduce infectious risk.!'*!

Other complications related to catheter placement include
the development of pneumothorax, hemothorax, hydrothorax,
subclavian artery injury, thoracic duct injury, cardiac arrhyth-
mia, air embolism, catheter embolism, and cardiac perforation
with tamponade. All of these complications may be avoided by
strict adherence to proper techniques. Further, the use of ultra-
sonographic guidance during central venous line placement has
been demonstrated to significantly decrease the failure rate,
complication rate, and number of attempts required for success-
ful access.'®

Metabolic Complications. Hyperglycemia may develop with
normal rates of infusion in patients with impaired glucose toler-
ance or in any patient if the hypertonic solutions are adminis-
tered too rapidly. This is a particularly common complication in
patients with latent diabetes and in patients subjected to severe
surgical stress or trauma. Treatment of the condition consists of
volume replacement with correction of electrolyte abnormali-
ties and the administration of insulin. This complication can be
avoided with careful attention to daily fluid balance and frequent
monitoring of blood glucose levels and serum electrolytes.
Increasing experience has emphasized the importance
of not overfeeding the parenterally nourished patient. This is
particularly true for the depleted patient in whom excess calo-
rie infusion may result in carbon dioxide retention and respi-
ratory insufficiency. In addition, excess feeding also has been
related to the development of hepatic steatosis or marked gly-
cogen deposition in selected patients. Cholestasis and forma-
tion of gallstones are common in patients receiving long-term
parenteral nutrition. Mild but transient abnormalities of serum
transaminase, alkaline phosphatase, and bilirubin levels occur
in many parenterally nourished patients. Failure of the liver

enzymes to plateau or return to normal over 7 to 14 days should
suggest another etiology.

Intestinal Atrophy. Lack of intestinal stimulation is associ-
ated with intestinal mucosal atrophy, diminished villous height,
bacterial overgrowth, reduced lymphoid tissue size, reduced
IgA production, and impaired gut immunity. The full clinical
implications of these changes are not well realized, although
bacterial translocation has been demonstrated in animal mod-
els. The most efficacious method to prevent these changes is to
provide at least some nutrients enterally. In patients requiring
TPN, it may be feasible to infuse small amounts of feedings via
the gastrointestinal tract.
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INTRODUCTION

Fluid and electrolyte management is paramount to the care of
the surgical patient. Changes in both fluid volume and electro-
lyte composition occur preoperatively, intraoperatively, and
postoperatively, as well as in response to trauma and sepsis. The
sections that follow review the normal anatomy of body fluids,
electrolyte composition and concentration abnormalities and
1 > treatments, common metabolic derangements, and alterna-

tive resuscitative fluids. These concepts are then discussed
in relationship to management of specific surgical patients and
their commonly encountered fluid and electrolyte abnormalities.

BODY FLUIDS

Total Body Water

Water constitutes approximately 50% to 60% of total body
weight. The relationship between total body weight and total
body water (TBW) is relatively constant for an individual and
is primarily a reflection of body fat. Lean tissues such as muscle
and solid organs have higher water content than fat and bone.
As aresult, young, lean males have a higher proportion of body
weight as water than elderly or obese individuals. Deuterium
oxide and tritiated water have been used in clinical research
to measure TBW by indicator dilution methods. In an average
young adult male, TBW accounts for 60% of total body weight,
whereas in an average young adult female, it is 50%.! The lower
percentage of TBW in females correlates with a higher percent-
age of adipose tissue and lower percentage of muscle mass
in most. Estimates of percentage of TBW should be adjusted
downward approximately 10% to 20% for obese individuals and
upward by 10% for malnourished individuals. The highest per-
centage of TBW is found in newborns, with approximately 80%
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of their total body weight comprised of water. This decreases
to approximately 65% by 1 year of age and thereafter remains
fairly constant.

Fluid Compartments

TBW is divided into three functional fluid compartments:
plasma, extravascular interstitial fluid, and intracellular fluid
(Fig. 3-1). The extracellular fluids (ECF), plasma and intersti-
tial fluid, together compose about one third of the TBW, and the
intracellular compartment composes the remaining two thirds.
The extracellular water composes 20% of the total body weight
and is divided between plasma (5% of body weight) and inter-
stitial fluid (15% of body weight). Intracellular water makes
up approximately 40% of an individual’s total body weight,
with the largest proportion in the skeletal muscle mass. ECF
is measured using indicator dilution methods. The distribution
volumes of NaBr and radioactive sulfate have been used to mea-
sure ECF in clinical research. Measurement of the intracellular
compartment is then determined indirectly by subtracting the
measured ECF from the simultaneous TBW measurement.

Composition of Fluid Compartments
The normal chemical composition of the body fluid compart-
ments is shown in Fig. 3-2. The ECF compartment is bal-
2 anced between sodium, the principal cation, and chloride
and bicarbonate, the principal anions. The intracellular fluid
compartment is composed primarily of the cations potassium
and magnesium, and the anions phosphate and sulfate, and
proteins. The concentration gradient between compartments is
maintained by adenosine triphosphate—driven sodium-potassium
pumps located with in the cell membranes. The composition of
the plasma and interstitial fluid differs only slightly in ionic
composition. The slightly higher protein content (organic anions)



Key Points

1% Proper management of fluid and electrolytes facilitates crucial
homeostasis that allows cardiovascular perfusion, organ system
function, and cellular mechanisms to respond to surgical illness.

2» Knowledge of the compartmentalization of body fluids forms the
basis for understanding pathologic shifts in these fluid spaces in
disease states. Although difficult to quantify, a deficiency in the
functional extracellular fluid compartment often requires resus-
citation with isotonic fluids in surgical and trauma patients.

3» Alterations in the concentration of serum sodium have pro-
found effects on cellular function due to water shifts
between the intracellular and extracellular spaces.

4> Different rates of compensation between respiratory and meta-
bolic components of acid-base homeostasis require frequent
laboratory reassessment during therapy.

5» Although active investigation continues, alternative resus-
citation fluids have limited clinical utility, other than the
correction of specific electrolyte abnormalities.

6> Most acute surgical illnesses are accompanied by some
degree of volume loss or redistribution. Consequently, iso-
tonic fluid administration is the most common initial intra-
venous fluid strategy, while attention is being given to
alterations in concentration and composition.

7» Some surgical patients with neurologic illness, malnutri-
tion, acute renal failure, or cancer require special attention
to well-defined, disease-specific abnormalities in fluid and
electrolyte status.

J
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in plasma results in a higher plasma cation composition relative
to the interstitial fluid, as explained by the Gibbs-Donnan equi-
librium equation. Proteins add to the osmolality of the plasma
and contribute to the balance of forces that determine fluid bal-
ance across the capillary endothelium. Although the movement
of ions and proteins between the various fluid compartments is
restricted, water is freely diffusible. Water is distributed evenly
throughout all fluid compartments of the body so that a given
volume of water increases the volume of any one compartment
relatively little. Sodium, however, is confined to the ECF com-
partment, and because of its osmotic and electrical properties,
it remains associated with water. Therefore, sodium-containing
fluids are distributed throughout the ECF and add to the vol-
ume of both the intravascular and interstitial spaces. Although
the administration of sodium-containing fluids expands the
intravascular volume, it also expands the interstitial space by
approximately three times as much as the plasma.

Osmotic Pressure

The physiologic activity of electrolytes in solution depends
on the number of particles per unit volume (millimoles per
liter, or mmol/L), the number of electric charges per unit volume

(milliequivalents per liter, or mEq/L), and the number of osmot-
ically active ions per unit volume (milliosmoles per liter, or
mOsm/L). The concentration of electrolytes usually is expressed
in terms of the chemical combining activity, or equivalents. An
equivalent of an ion is its atomic weight expressed in grams
divided by the valence:

Equivalent = atomic weight (g)/valence

For univalent ions such as sodium, 1 mEq is the same as
1 mmol. For divalent ions such as magnesium, 1 mmol equals
2 mEq. The number of milliequivalents of cations must be bal-
anced by the same number of milliequivalents of anions. How-
ever, the expression of molar equivalents alone does not allow a
physiologic comparison of solutes in a solution.

The movement of water across a cell membrane depends
primarily on osmosis. To achieve osmotic equilibrium, water
moves across a semipermeable membrane to equalize the
concentration on both sides. This movement is determined by
the concentration of the solutes on each side of the membrane.
Osmotic pressure is measured in units of osmoles (osm) or mil-
liosmoles (mOsm) that refer to the actual number of osmotically

% of Total body weight Volume of TBW Male (70 kg) Female (60 kg)
Plasma 5% Extracellular volume 14,000 mL 10,000 mL
Interstitial Plasma 3500 mL 2500 mL
fluid 15%

Interstitial 10,500 mL 7500 mL
Intracellular volume 28,000 mL 20,000 mL

Intracellular

volume 40%
42,000 mL 30,000 mL

Figure 3-1. Functional body fluid
compartments. TBW = total body
water.
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active particles. For example, 1 mmol of sodium chloride con-
tributes to 2 mOsm (one from sodium and one from chloride).
The principal determinants of osmolality are the concentrations of
sodium, glucose, and urea (blood urea nitrogen, or BUN):

Calculated serum osmolality = 2 sodium +
(glucose/18) + (BUN/2.8)

The osmolality of the intracellular and extracellular fluids
is maintained between 290 and 310 mOsm in each compartment.
Because cell membranes are permeable to water, any change in
osmotic pressure in one compartment is accompanied by a redis-
tribution of water until the effective osmotic pressure between
compartments is equal. For example, if the ECF concentration
of sodium increases, there will be a net movement of water from
the intracellular to the extracellular compartment. Conversely,
if the ECF concentration of sodium decreases, water will move
into the cells. Although the intracellular fluid shares in losses
that involve a change in concentration or composition of the
ECF, an isotonic change in volume in either one of the com-
partments is not accompanied by the net movement of water as
long as the ionic concentration remains the same. For practical
clinical purposes, most significant gains and losses of body fluid
are directly from the extracellular compartment.

BODY FLUID CHANGES

Normal Exchange of Fluid and Electrolytes
The healthy person consumes an average of 2000 mL of water
per day, approximately 75% from oral intake and the rest

200 mEg/L 200 mEg/L

(¢.y)[e]\53  ANIONS
S0 {HPO4 3~
150
S042-
HCO3~ 10
Protein 40
Intracellular Figure 3-2. Chemical composition of
fluid

body fluid compartments.

extracted from solid foods. Daily water losses include 800 to
1200 mL in urine, 250 mL in stool, and 600 mL in insensible
losses. Insensible losses of water occur through both the skin
(75%) and lungs (25%) and can be increased by such factors as
fever, hypermetabolism, and hyperventilation. Sensible water
losses such as sweating or pathologic loss of gastrointestinal
(GI) fluids vary widely, but these include the loss of electrolytes
as well as water (Table 3-1). To clear the products of metabo-
lism, the kidneys must excrete a minimum of 500 to 800 mL of
urine per day, regardless of the amount of oral intake.

The typical individual consumes 3 to 5 g of dietary salt per
day, with the balance maintained by the kidneys. With hypo-
natremia or hypovolemia, sodium excretion can be reduced to
as little as 1 mEq/d or maximized to as much as 5000 mEq/d
to achieve balance except in people with salt-wasting kidneys.
Sweat is hypotonic, and sweating usually results in only a small
sodium loss. GI losses are isotonic to slightly hypotonic and
contribute little to net gain or loss of free water when measured
and appropriately replaced by isotonic salt solutions.

Classification of Body Fluid Changes

Disorders in fluid balance may be classified into three general
categories: disturbances in (a) volume, (b) concentration, and
(c) composition. Although each of these may occur simultane-
ously, each is a separate entity with unique mechanisms demand-
ing individual correction. Isotonic gain or loss of salt solution
results in extracellular volume changes, with little impact on
intracellular fluid volume. If free water is added or lost from the
ECF, water will pass between the ECF and intracellular fluid
until solute concentration or osmolarity is equalized between
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Water exchange (60- to 80-kg man)

AVERAGE DAILY
ROUTES VOLUME (mL) MINIMAL (mL) MAXIMAL (mL)
H,0 gain:
Sensible:
Oral fluids 800-1500 0 1500/h
Solid foods 500-700 0 1500
Insensible:
Water of oxidation 250 125 800
Water of solution 0 0 500
H,0 loss:
Sensible:
Urine 800-1500 300 1400/h
Intestinal 0-250 0 2500/h
Sweat 0 0 4000/h
Insensible:
Lungs and skin 600 600 1500

the compartments. Unlike with sodium, the concentration of
most other ions in the ECF can be altered without significant
change in the total number of osmotically active particles, pro-
ducing only a compositional change. For instance, doubling the
serum potassium concentration will profoundly alter myocardial
function without significantly altering volume or concentration
of the fluid spaces.

Disturbances in Fluid Balance

Extracellular volume deficit is the most common fluid disorder
in surgical patients and can be either acute or chronic. Acute
volume deficit is associated with cardiovascular and central ner-
vous system signs, whereas chronic deficits display tissue signs,
such as a decrease in skin turgor and sunken eyes, in addition to
cardiovascular and central nervous system signs (Table 3-2).
Laboratory examination may reveal an elevated blood urea
nitrogen level if the deficit is severe enough to reduce glomeru-
lar filtration and hemoconcentration. Urine osmolality usually
will be higher than serum osmolality, and urine sodium will be
low, typically <20 mEq/L. Serum sodium concentration does
not necessarily reflect volume status and therefore may be high,
normal, or low when a volume deficit is present. The most com-
mon cause of volume deficit in surgical patients is a loss of GI
fluids (Table 3-3) from nasogastric suction, vomiting, diarrhea,
or enterocutaneous fistula. In addition, sequestration secondary
to soft tissue injuries, burns, and intra-abdominal processes such
as peritonitis, obstruction, or prolonged surgery can also lead to
massive volume deficits.

Extracellular volume excess may be iatrogenic or second-
ary to renal dysfunction, congestive heart failure, or cirrhosis.
Both plasma and interstitial volumes usually are increased.
Symptoms are primarily pulmonary and cardiovascular (see
Table 3-2). In fit patients, edema and hyperdynamic circula-
tion are common and well tolerated. However, the elderly and
patients with cardiac disease may quickly develop congestive

heart failure and pulmonary edema in response to only a moder-
ate volume excess.

Volume Control

Volume changes are sensed by both osmoreceptors and baro-
receptors. Osmoreceptors are specialized sensors that detect
even small changes in fluid osmolality and drive changes in
thirst and diuresis through the kidneys.? For example, when
plasma osmolality is increased, thirst is stimulated and water
consumption increases, although the exact cell mechanism is not
known.? Additionally, the hypothalamus is stimulated to secrete
vasopressin, which increases water reabsorption in the kidneys.

Table 3-2

Signs and symptoms of volume disturbances

SYSTEM VOLUME DEFICIT VOLUME EXCESS
Generalized | Weight loss Weight gain
Decreased skin turgor | Peripheral edema
Cardiac Tachycardia Increased cardiac
output
Orthostasis/ Increased central
hypotension venous pressure
Collapsed neck veins | Distended neck veins
Murmur
Renal Oliguria —
Azotemia
GI Ileus Bowel edema
Pulmonary | — Pulmonary edema




Composition of GI secretions

TYPE OF SECRETION VOLUME (mL/24 h) Na (mEg/L) K (mEq/L) ClL (mEg/L) HCO,~ (mEq/L)
Stomach 1000-2000 60-90 10-30 100-130 0

Small intestine 2000-3000 120-140 5-10 90-120 30-40

Colon — 60 30 40 0

Pancreas 600-800 135-145 5-10 70-90 95-115

Bile 300-800 135-145 5-10 90-110 30-40

Together, these two mechanisms return the plasma osmolality
to normal. Baroreceptors also modulate volume in response to
changes in pressure and circulating volume through specialized
pressure sensors located in the aortic arch and carotid sinuses.*
Baroreceptor responses are both neural, through sympathetic and
parasympathetic pathways, and hormonal, through substances
including renin-angiotensin, aldosterone, atrial natriuretic pep-
tide, and renal prostaglandins. The net result of alterations in
renal sodium excretion and free water reabsorption is restoration
of volume to the normal state.

Concentration Changes

Changes in serum sodium concentration are inversely pro-
portional to TBW. Therefore, abnormalities in TBW are

3 reflected by abnormalities in serum sodium levels.

Hyponatremia. A low serum sodium level occurs when there
is an excess of extracellular water relative to sodium. Extracel-
lular volume can be high, normal, or low (Fig. 3-3). In most
cases of hyponatremia, sodium concentration is decreased as a
consequence of either sodium depletion or dilution.> Dilutional
hyponatremia frequently results from excess extracellular water
and therefore is associated with a high extracellular volume sta-
tus. Excessive oral water intake or iatrogenic intravenous (IV)
excess free water administration can cause hyponatremia. Post-
operative patients are particularly prone to increased secretion
of antidiuretic hormone (ADH), which increases reabsorption
of free water from the kidneys with subsequent volume expan-
sion and hyponatremia. This is usually self-limiting in that both
hyponatremia and volume expansion decrease ADH secretion.
Additionally, a number of drugs can cause water retention and
subsequent hyponatremia, such as the antipsychotics and tricy-
clic antidepressants as well as angiotensin-converting enzyme
inhibitors. The elderly are particularly susceptible to drug-
induced hyponatremia. Physical signs of volume overload usu-
ally are absent, and laboratory evaluation reveals hemodilution.
Depletional causes of hyponatremia are associated with either a
decreased intake or increased loss of sodium-containing fluids.
A concomitant ECF volume deficit is common. Causes include
decreased sodium intake, such as consumption of a low-sodium
diet or use of enteral feeds, which are typically low in sodium;
GI losses from vomiting, prolonged nasogastric suctioning, or
diarrhea; and renal losses due to diuretic use or primary renal
disease.

Hyponatremia also can be seen with an excess of solute
relative to free water, such as with untreated hyperglycemia or
mannitol administration. Glucose exerts an osmotic force in the
extracellular compartment, causing a shift of water from the

intracellular to the extracellular space. Hyponatremia therefore
can be seen when the effective osmotic pressure of the extracel-
lular compartment is normal or even high. When hyponatremia
in the presence of hyperglycemia is being evaluated, the cor-
rected sodium concentration should be calculated as follows:

For every 100-mg/dL increment in plasma glucose above
normal, the plasma sodium should
decrease by 1.6 mEq/L

Lastly, extreme elevations in plasma lipids and proteins can
cause pseudohyponatremia, because there is no true decrease in
extracellular sodium relative to water.

Signs and symptoms of hyponatremia (Table 3-4) are
dependent on the degree of hyponatremia and the rapidity with
which it occurred. Clinical manifestations primarily have a
central nervous system origin and are related to cellular water
intoxication and associated increases in intracranial pressure.
Oliguric renal failure also can be a rapid complication in the
setting of severe hyponatremia.

A systematic review of the etiology of hyponatremia
should reveal its cause in a given instance. Hyperosmolar
causes, including hyperglycemia or mannitol infusion and pseu-
dohyponatremia, should be easily excluded. Next, depletional
versus dilutional causes of hyponatremia are evaluated. In the
absence of renal disease, depletion is associated with low urine
sodium levels (<20 mEq/L), whereas renal sodium wasting
shows high urine sodium levels (>20 mEq/L). Dilutional causes
of hyponatremia usually are associated with hypervolemic cir-
culation. A normal volume status in the setting of hyponatremia
should prompt an evaluation for a syndrome of inappropriate
secretion of ADH.

Hypernatremia. Hypernatremia results from either a loss of
free water or a gain of sodium in excess of water. Like hypo-
natremia, it can be associated with an increased, normal, or
decreased extracellular volume (see Fig. 3-3). Hypervolemic
hypernatremia usually is caused either by iatrogenic adminis-
tration of sodium-containing fluids, including sodium bicarbon-
ate, or mineralocorticoid excess as seen in hyperaldosteronism,
Cushing’s syndrome, and congenital adrenal hyperplasia. Urine
sodium concentration is typically >20 mEq/L, and urine osmo-
larity is >300 mOsm/L. Normovolemic hypernatremia can
result from renal causes, including diabetes insipidus, diuretic
use, and renal disease, or from nonrenal water loss from the
GI tract or skin, although the same conditions can result in
hypovolemic hypernatremia. When hypovolemia is present, the
urine sodium concentration is <20 mEq/L and urine osmolarity
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| Hyponatrema |

Volume status

High Normal

Increased intake Hyperglycemia

Postoperative ADH secretion T Plasma lipids/proteins

Drugs SIADH

Water intoxication

Diuretics

| Hypernatremia |

Volume status

High Normal

latrogenic sodium administration Nonrenal water loss

Mineralocorticoid excess Skin
Aldosteronism Gl

Cushing’s disease Renal water loss

Congenital adrenal hyperplasia Renal disease

Diuretics

Diabetes insipidus

is <300 to 400 mOsm/L. Nonrenal water loss can occur second-
ary to relatively isotonic GI fluid losses such as that caused by
diarrhea, to hypotonic skin fluid losses such as loss due to fever,
or to losses via tracheotomies during hyperventilation. Addi-
tionally, thyrotoxicosis can cause water loss, as can the use of
hypertonic glucose solutions for peritoneal dialysis. With non-
renal water loss, the urine sodium concentration is <15 mEq/L
and the urine osmolarity is >400 mOsm/L.

Symptomatic hypernatremia usually occurs only in patients
with impaired thirst or restricted access to fluid, because thirst
will result in increased water intake. Symptoms are rare until
the serum sodium concentration exceeds 160 mEq/L but, once
present, are associated with significant morbidity and mortality.
Because symptoms are related to hyperosmolarity, central ner-
vous system effects predominate (see Table 3-4). Water shifts
from the intracellular to the extracellular space in response to a
hyperosmolar extracellular space, which results in cellular dehy-
dration. This can put traction on the cerebral vessels and lead to
subarachnoid hemorrhage. Central nervous system symptoms

Low

Decreased sodium intake

Gl losses
Renal losses
Diuretics

Primary renal disease

Low

Nonrenal water loss
Skin
Gl
Renal water loss
Renal (tubular) disease

Osmotic diuretics Figure 3-3. Evaluation of sodium

abnormalities. ADH = antidiuretic
hormone; SIADH = syndrome of
inappropriate secretion of antidi-
uretic hormone.

Diabetes insipidus

Adrenal failure

can range from restlessness and irritability to seizures, coma,
and death. The classic signs of hypovolemic hypernatremia,
(tachycardia, orthostasis, and hypotension) may be present, as
well as the unique findings of dry, sticky mucous membranes.

Composition Changes: Etiology and Diagnosis

Potassium Abnormalities. The average dietary intake of
potassium is approximately 50 to 100 mEq/d, which in the
absence of hypokalemia is excreted primarily in the urine.
Extracellular potassium is maintained within a narrow range,
principally by renal excretion of potassium, which can range
from 10 to 700 mEq/d. Although only 2% of the total body
potassium (4.5 mEqg/L X 14 L = 63 mEq) is located within the
extracellular compartment, this small amount is critical to car-
diac and neuromuscular function; thus, even minor changes
can have major effects on cardiac activity. The intracellular
and extracellular distribution of potassium is influenced by a
number of factors, including surgical stress, injury, acidosis,
and tissue catabolism.



Clinical manifestations of abnormalities in serum

sodium level

BODY SYSTEM

HYPONATREMIA

Central nervous
system

Headache, confusion, hyperactive or
hypoactive deep tendon reflexes, seizures,
coma, increased intracranial pressure

Musculoskeletal | Weakness, fatigue, muscle cramps/
twitching

Gl Anorexia, nausea, vomiting, watery
diarrhea

Cardiovascular | Hypertension and bradycardia
if intracranial pressure increases
significantly

Tissue Lacrimation, salivation

Renal Oliguria

BODY SYSTEM HYPERNATREMIA

Central nervous
system

Restlessness, lethargy, ataxia, irritability,
tonic spasms, delirium, seizures, coma

Musculoskeletal | Weakness

Cardiovascular | Tachycardia, hypotension, syncope

Tissue Dry sticky mucous membranes, red
swollen tongue, decreased saliva and tears

Renal Oliguria

Metabolic Fever

Hyperkalemia Hyperkalemia is defined as a serum potassium
concentration above the normal range of 3.5 to 5.0 mEq/L.
It is caused by excessive potassium intake, increased release
of potassium from cells, or impaired potassium excretion by
the kidneys (Table 3-5).° Increased intake can be either from
oral or IV supplementation, or from red cell lysis after transfu-
sion. Hemolysis, rhabdomyolysis, and crush injuries can dis-
rupt cell membranes and release intracellular potassium into
the ECF. Acidosis and a rapid rise in extracellular osmolality
from hyperglycemia or IV mannitol can raise serum potassium
levels by causing a shift of potassium ions to the extracellular
compartment.” Because 98% of total body potassium is in the
intracellular fluid compartment, even small shifts of intracel-
lular potassium out of the intracellular fluid compartment can
lead to a significant rise in extracellular potassium. A number
of medications can contribute to hyperkalemia, particularly in
the presence of renal insufficiency, including potassium-sparing
diuretics, angiotensin-converting enzyme inhibitors, and non-
steroidal anti-inflammatory drugs (NSAIDs). Spironolactone
and angiotensin-converting enzyme inhibitors interfere with
aldosterone activity, inhibiting the normal renal mechanism of
potassium excretion. Acute and chronic renal insufficiency also
impairs potassium excretion.

Symptoms of hyperkalemia are primarily GI, neuromus-
cular, and cardiovascular (Table 3-6). GI symptoms include
nausea, vomiting, intestinal colic, and diarrhea. Neuromuscu-
lar symptoms range from weakness to ascending paralysis to
respiratory failure. Early cardiovascular signs may be appar-
ent from electrocardiogram (ECG) changes and eventually lead

Etiology of potassium abnormalities

Hyperkalemia
Increased intake
Potassium supplementation
Blood transfusions
Endogenous load/destruction: hemolysis, rhabdomyolysis,
crush injury, gastrointestinal hemorrhage
Increased release
Acidosis
Rapid rise of extracellular osmolality (hyperglycemia or
mannitol)
Impaired excretion
Potassium-sparing diuretics
Renal insufficiency/failure

Hypokalemia

Inadequate intake
Dietary, potassium-free intravenous fluids, potassium-
deficient TPN

Excessive potassium excretion
Hyperaldosteronism
Medications

GI losses
Direct loss of potassium from GI fluid (diarrhea)
Renal loss of potassium (to conserve sodium in response
to gastric losses)

to hemodynamic symptoms of arrhythmia and cardiac arrest.
ECG changes that may be seen with hyperkalemia include
high peaked T waves (early), widened QRS complex, flattened
P wave, prolonged PR interval (first-degree block), sine wave
formation, and ventricular fibrillation.

Hypokalemia Hypokalemia is much more common than
hyperkalemia in the surgical patient. It may be caused by inad-
equate potassium intake; excessive renal potassium excretion;
potassium loss in pathologic GI secretions, such as with diar-
rhea, fistulas, vomiting, or high nasogastric output; or intracel-
lular shifts from metabolic alkalosis or insulin therapy (see
Table 3-5). The change in potassium associated with alkalosis
can be calculated by the following formula:

Potassium decreases by 0.3 mEq/L for
every 0.1 increase in pH above normal.

Additionally, drugs such as amphotericin, aminoglyco-
sides, cisplatin, and ifosfamide that induce magnesium depletion
cause renal potassium wastage.®” In cases in which potassium
deficiency is due to magnesium depletion, '° potassium repletion
is difficult unless hypomagnesemia is first corrected.

The symptoms of hypokalemia (see Table 3-6), like those
of hyperkalemia, are primarily related to failure of normal con-
tractility of GI smooth muscle, skeletal muscle, and cardiac mus-
cle. Findings may include ileus, constipation, weakness, fatigue,
diminished tendon reflexes, paralysis, and cardiac arrest. In the
setting of ECF depletion, symptoms may be masked initially
and then worsened by further dilution during volume repletion.
ECG changes suggestive of hypokalemia include U waves,
T-wave flattening, ST-segment changes, and arrhythmias (with
digitalis therapy).
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INCREASED SERUM LEVELS

SYSTEM POTASSIUM MAGNESIUM CALCIUM
GI Nausea/vomiting, colic, diarrhea | Nausea/vomiting Anorexia, nausea/vomiting,
abdominal pain
Neuromuscular Weakness, paralysis, respiratory | Weakness, lethargy, decreased | Weakness, confusion, coma, bone
failure reflexes pain
Cardiovascular Arrhythmia, arrest Hypotension, arrest Hypertension, arrhythmia, polyuria
Renal — — Polydipsia
DECREASED SERUM LEVELS
SYSTEM POTASSIUM MAGNESIUM CALCIUM
GI Ileus, constipation — —
Neuromuscular Decreased reflexes, fatigue, Hyperactive reflexes, muscle Hyperactive reflexes, paresthesias,
weakness, paralysis tremors, tetany, seizures carpopedal spasm, seizures
Cardiovascular Arrest Arrhythmia Heart failure

Calcium Abnormalities. The vast majority of the body’s cal-
cium is contained within the bone matrix, with <1% found in the
ECF. Serum calcium is distributed among three forms: protein
found (40%), complexed to phosphate and other anions (10%),
and ionized (50%). It is the ionized fraction that is responsible
for neuromuscular stability and can be measured directly. When
total serum calcium levels are measured, the albumin concentra-
tion must be taken into consideration:

Adjust total serum calcium down by 0.8 mg/dL
for every 1 g/dL decrease in albumin.

Unlike changes in albumin, changes in pH will affect the
ionized calcium concentration. Acidosis decreases protein bind-
ing, thereby increasing the ionized fraction of calcium.

Daily calcium intake is 1 to 3 g/d. Most of this is excreted
via the bowel, with urinary excretion relatively low. Total body
calcium balance is under complex hormonal control, but distur-
bances in metabolism are relatively long term and less important
in the acute surgical setting. However, attention to the critical role
of ionized calcium in neuromuscular function often is required.

Hypercalcemia Hypercalcemia is defined as a serum calcium
level above the normal range of 8.5 to 10.5 mEq/L or an increase
in the ionized calcium level above 4.2 to 4.8 mg/dL. Primary
hyperparathyroidism in the outpatient setting and malignancy
in hospitalized patients, from either bony metastasis or secre-
tion of parathyroid hormone-related protein, account for most
cases of symptomatic hypercalcemia.!! Symptoms of hypercal-
cemia (see Table 3-6), which vary with the degree of severity,
include neurologic impairment, musculoskeletal weakness and
pain, renal dysfunction, and GI symptoms of nausea, vomiting,
and abdominal pain. Cardiac symptoms can be manifest as
hypertension, cardiac arrhythmias, and a worsening of digitalis
toxicity. ECG changes in hypercalcemia include shortened QT
interval, prolonged PR and QRS intervals, increased QRS volt-
age, T-wave flattening and widening, and atrioventricular block
(which can progress to complete heart block and cardiac arrest).

Hypocalcemia Hypocalcemia is defined as a serum calcium
level below 8.5 mEq/L or a decrease in the ionized calcium
level below 4.2 mg/dL. The causes of hypocalcemia include
pancreatitis, massive soft tissue infections such as necrotiz-
ing fasciitis, renal failure, pancreatic and small bowel fistulas,
hypoparathyroidism, toxic shock syndrome, abnormalities in
magnesium levels, and tumor lysis syndrome. In addition, tran-
sient hypocalcemia commonly occurs after removal of a para-
thyroid adenoma due to atrophy of the remaining glands and
avid bone remineralization, and sometimes requires high-dose
calcium supplementation.!? Additionally, malignancies asso-
ciated with increased osteoblastic activity, such as breast and
prostate cancer, can lead to hypocalcemia from increased bone
formation.'3 Calcium precipitation with organic anions is also a
cause of hypocalcemia and may occur during hyperphosphate-
mia from tumor lysis syndrome or rhabdomyolysis. Pancreatitis
may sequester calcium via chelation with free fatty acids. Mas-
sive blood transfusion with citrate binding is another mecha-
nism.!#15 Hypocalcemia rarely results solely from decreased
intake, because bone reabsorption can maintain normal levels
for prolonged periods.

Asymptomatic hypocalcemia may occur when hypopro-
teinemia results in a normal ionized calcium level. Conversely,
symptoms can develop with a normal serum calcium level
during alkalosis, which decreases ionized calcium. In general,
neuromuscular and cardiac symptoms do not occur until the ion-
ized fraction falls below 2.5 mg/dL (see Table 3-6). Clinical
findings may include paresthesias of the face and extremities,
muscle cramps, carpopedal spasm, stridor, tetany, and seizures.
Patients will demonstrate hyperreflexia and may exhibit positive
Chvostek’s sign (spasm resulting from tapping over the facial
nerve) and Trousseau’s sign (spasm resulting from pressure
applied to the nerves and vessels of the upper extremity with
a blood pressure cuff). Hypocalcemia may lead to decreased
cardiac contractility and heart failure. ECG changes of hypocal-
cemia include prolonged QT interval, T-wave inversion, heart
block, and ventricular fibrillation.



Phosphorus Abnormalities. Phosphorus is the primary intra-
cellular divalent anion and is abundant in metabolically active
cells. Phosphorus is involved in energy production during gly-
colysis and is found in high-energy phosphate products such
as adenosine triphosphate. Serum phosphate levels are tightly
controlled by renal excretion.

Hyperphosphatemia Hyperphosphatemia can be due to
decreased urinary excretion, increased intake, or endogenous
mobilization of phosphorus. Most cases of hyperphosphatemia
are seen in patients with impaired renal function. Hypoparathy-
roidism or hyperthyroidism also can decrease urinary excretion
of phosphorus and thus lead to hyperphosphatemia. Increased
release of endogenous phosphorus can be seen in association with
any clinical condition that results in cell destruction, including
rhabdomyolysis, tumor lysis syndrome, hemolysis, sepsis, severe
hypothermia, and malignant hyperthermia. Excessive phosphate
administration from IV hyperalimentation solutions or phosphorus-
containing laxatives may also lead to elevated phosphate levels.
Most cases of hyperphosphatemia are asymptomatic, but signifi-
cant prolonged hyperphosphatemia can lead to metastatic deposi-
tion of soft tissue calcium-phosphorus complexes.

Hypophosphatemia Hypophosphatemia can be due to a
decrease in phosphorus intake, an intracellular shift of phospho-
rus, or an increase in phosphorus excretion. Decreased GI uptake
due to malabsorption or administration of phosphate binders and
decreased dietary intake from malnutrition are causes of chronic
hypophosphatemia. Most acute cases are due to an intracellular
shift of phosphorus in association with respiratory alkalosis,
insulin therapy, refeeding syndrome, and hungry bone syn-
drome. Clinical manifestations of hypophosphatemia usually
are absent until levels fall significantly. In general, symptoms
are related to adverse effects on the oxygen availability of tissue
and to a decrease in high-energy phosphates, and can be mani-
fested as cardiac dysfunction or muscle weakness.

Magnesium Abnormalities. Magnesium is the fourth most
common mineral in the body and, like potassium, is found pri-
marily in the intracellular compartments. Approximately one
half of the total body content of 2000 mEq is incorporated in
bone and is slowly exchangeable. Of the fraction found in the
extracellular space, one third is bound to serum albumin. There-
fore, the plasma level of magnesium may be a poor indicator
of total body stores in the presence of hypoalbuminemia. Mag-
nesium should be replaced until levels are in the upper limit of
normal. The normal dietary intake is approximately 20 mEq/d
and is excreted in both the feces and urine. The kidneys have a
remarkable ability to conserve magnesium, with renal excretion
<1 mEq/d during magnesium deficiency.

Hypermagnesemia Hypermagnesemia is rare but can be seen
with severe renal insufficiency and parallel changes in potas-
sium excretion. Magnesium-containing antacids and laxatives
can produce toxic levels in patients with renal failure. Excess
intake in conjunction with total parenteral nutrition (TPN), or
rarely massive trauma, thermal injury, and severe acidosis,
may be associated with symptomatic hypermagnesemia. Clini-
cal examination (see Table 3-6) may find nausea and vomit-
ing; neuromuscular dysfunction with weakness, lethargy, and
hyporeflexia; and impaired cardiac conduction leading to hypo-
tension and arrest. ECG changes are similar to those seen with
hyperkalemia and include increased PR interval, widened QRS
complex, and elevated T waves.

Hypomagnesemia Magnesium depletion is a common prob-
lem in hospitalized patients, particularly in the critically ill.
The kidney is primarily responsible for magnesium homeosta-
sis through regulation by calcium/magnesium receptors on the
renal tubular cells that respond to serum magnesium concentra-
tions.!” Hypomagnesemia may result from alterations of intake,
renal excretion, and pathologic losses. Poor intake may occur in
cases of starvation, alcoholism, prolonged IV fluid therapy, and
TPN with inadequate supplementation of magnesium. Losses are
seen in cases of increased renal excretion from alcohol abuse,
diuretic use, administration of amphotericin B, and primary aldo-
steronism, as well as GI losses from diarrhea, malabsorption,
and acute pancreatitis. The magnesium ion is essential for proper
function of many enzyme systems. Depletion is characterized by
neuromuscular and central nervous system hyperactivity. Symp-
toms are similar to those of calcium deficiency, including hyper-
active reflexes, muscle tremors, tetany, and positive Chvostek’s
and Trousseau’s signs (see Table 3-6). Severe deficiencies can
lead to delirium and seizures. A number of ECG changes also
can occur and include prolonged QT and PR intervals, ST-seg-
ment depression, flattening or inversion of P waves, torsades
de pointes, and arrhythmias. Hypomagnesemia is important
not only because of its direct effects on the nervous system but
also because it can produce hypocalcemia and lead to persis-
tent hypokalemia. When hypokalemia or hypocalcemia coex-
ists with hypomagnesemia, magnesium should be aggressively
replaced to assist in restoring potassium or calcium homeostasis.

Acid-Base Balance

Acid-Base Homeostasis. The pH of body fluids is maintained
within a narrow range despite the ability of the kidneys to gen-
erate large amounts of HCO,~ and the normal large acid load
produced as a by-product of metabolism. This endogenous acid
load is efficiently neutralized by buffer systems and ultimately
excreted by the lungs and kidneys.

Important buffers include intracellular proteins and phos-
phates and the extracellular bicarbonate—carbonic acid system.
Compensation for acid-base derangements can be by respiratory
mechanisms (for metabolic derangements) or metabolic mecha-
nisms (for respiratory derangements). Changes in ventilation in
response to metabolic abnormalities are mediated by hydrogen-
sensitive chemoreceptors found in the carotid body and brain
stem. Acidosis stimulates the chemoreceptors to increase ven-
tilation, whereas alkalosis decreases the activity of the chemo-
receptors and thus decreases ventilation. The kidneys provide
compensation for respiratory abnormalities by either increasing
or decreasing bicarbonate reabsorption in response to respiratory
acidosis or alkalosis, respectively. Unlike the prompt change in
ventilation that occurs with metabolic abnormalities, the com-
pensatory response in the kidneys to respiratory abnormalities
is delayed. Significant compensation may not begin for 6 hours
and then may continue for several days. Because of this delayed
compensatory response, respiratory acid-base derangements
before renal compensation are classified as acute, whereas those
persisting after renal compensation are categorized as chronic.
4> The predicted compensatory changes in response to meta-

bolic or respiratory derangements are listed in Table 3-7.!3
If the predicted change in pH is exceeded, then a mixed acid-
base abnormality may be present (Table 3-8).

Metabolic Derangements
Metabolic Acidosis Metabolic acidosis results from an
increased intake of acids, an increased generation of acids, or an
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Predicted changes in acid-base disorders

DISORDER

Metabolic
Metabolic acidosis
Metabolic alkalosis

PREDICTED CHANGE

Pco,=1.5xHCO; +38
Pco, =0.7x HCO;™ + 21

Respiratory
Acute respiratory acidosis
Chronic respiratory
acidosis
Acute respiratory alkalosis | A pH = (40 — Pco,) x 0.008
Chronic respiratory A pH = (40 — Pco,) x 0.017
alkalosis

A pH = (Pco, — 40) x 0.008
A pH = (Pco, — 40) x 0.003

Pco, = partial pressure of carbon dioxide.

increased loss of bicarbonate (Table 3-9). The body responds by
several mechanisms, including producing buffers (extracellular
bicarbonate and intracellular buffers from bone and muscle),
increasing ventilation (Kussmaul’s respirations), and increas-
ing renal reabsorption and generation of bicarbonate. The kid-
ney also will increase secretion of hydrogen and thus increase
urinary excretion of NH,* (H* + NH;* = NH,"). Evaluation of
a patient with a low serum bicarbonate level and metabolic aci-
dosis includes determination of the anion gap (AG), an index
of unmeasured anions.

AG = (Na) - (Cl + HCO,)

The normal AG is <12 mmol/L and is due primarily to the
albumin effect, so that the estimated AG must be adjusted for
albumin (hypoalbuminemia reduces the AG).!

Corrected AG = actual AG —[2.5(4.5 — albumin)]

Metabolic acidosis with an increased AG occurs either
from ingestion of exogenous acid such as from ethylene gly-
col, salicylates, or methanol, or from increased endogenous acid
production of the following:

* B-Hydroxybutyrate and acetoacetate in ketoacidosis
* Lactate in lactic acidosis
* Organic acids in renal insufficiency

A common cause of severe metabolic acidosis in surgi-
cal patients is lactic acidosis. In circulatory shock, lactate is
produced in the presence of hypoxia from inadequate tissue
perfusion. The treatment is to restore perfusion with volume
resuscitation rather than to attempt to correct the abnormality
with exogenous bicarbonate. With adequate perfusion, the lactic
acid is rapidly metabolized by the liver and the pH level returns
to normal. In clinical studies of lactic acidosis and ketoacido-
sis, the administration of bicarbonate has not reduced morbidity
or mortality or improved cellular function.?’ The overzealous
administration of bicarbonate can lead to metabolic alkalosis,
which shifts the oxyhemoglobin dissociation curve to the left;
this interferes with oxygen unloading at the tissue level and can
be associated with arrhythmias that are difficult to treat. An
additional disadvantage is that sodium bicarbonate actually can
exacerbate intracellular acidosis. Administered bicarbonate can
combine with the excess hydrogen ions to form carbonic acid;
this is then converted to CO, and water, which thus raises the
partial pressure of CO, (Pco,). This hypercarbia could com-
pound ventilation abnormalities in patients with underlying
acute respiratory distress syndrome. This CO, can diffuse into
cells, but bicarbonate remains extracellular, which thus worsens
intracellular acidosis. Clinically, lactate levels may not be useful
in directing resuscitation, although lactate levels may be higher
in nonsurvivors of serious injury.2!

Metabolic acidosis with a normal AG results from exog-
enous acid administration (HCI or NH,*), from loss of bicar-
bonate due to GI disorders such as diarrhea and fistulas or
ureterosigmoidostomy, or from renal losses. In these settings,
the bicarbonate loss is accompanied by a gain of chloride;
thus, the AG remains unchanged. To determine whether the
loss of bicarbonate has a renal cause, the urinary [NH,*] can
be measured. A low urinary [NH,*] in the face of hyperchlore-
mic acidosis would indicate that the kidney is the site of loss,
and evaluation for renal tubular acidosis should be undertaken.
Proximal renal tubular acidosis results from decreased tubular
reabsorption of HCO,~, whereas distal renal tubular acidosis
results from decreased acid excretion. The carbonic anhydrase

Respiratory and metabolic components of acid-base disorders

ACUTE UNCOMPENSATED CHRONIC (PARTIALLY COMPENSATED)
PLASMA HCO,2 PLASMA HCO,2
TYPE OF ACID-BASE Pco, (RESPIRATORY (METABOLIC Pco, (RESPIRATORY | (METABOLIC
DISORDER pH COMPONENT) COMPONENT) pH COMPONENT) COMPONENT)
Respiratory acidosis | 1 ™ N d ™ T
Respiratory alkalosis | TT A3 N T W l
Metabolic acidosis W N A 4 l d
Metabolic alkalosis | TT N ™ T T2 T

aMeasured as standard bicarbonate, whole blood buffer base, CO2 content, or CO2 combining power. The base excess value is positive when the standard
bicarbonate is above normal and negative when the standard bicarbonate is below normal.

N = normal; Pco, = partial pressure of carbon dioxide.



Etiology of metabolic acidosis

Increased Anion Gap Metabolic Acidosis
Exogenous acid ingestion
Ethylene glycol
Salicylate
Methanol
Endogenous acid production
Ketoacidosis
Lactic acidosis
Renal insufficiency

Normal Anion Gap

Acid administration (HCI)
Loss of bicarbonate

Gl losses (diarrhea, fistulas)
Ureterosigmoidostomy
Renal tubular acidosis
Carbonic anhydrase inhibitor

inhibitor acetazolamide also causes bicarbonate loss from the
kidneys.

Metabolic Alkalosis Normal acid-base homeostasis prevents
metabolic alkalosis from developing unless both an increase in
bicarbonate generation and impaired renal excretion of bicar-
bonate occur (Table 3-10). Metabolic alkalosis results from the
loss of fixed acids or the gain of bicarbonate and is worsened
by potassium depletion. The majority of patients also will have
hypokalemia, because extracellular potassium ions exchange
with intracellular hydrogen ions and allow the hydrogen ions to
buffer excess HCO;™. Hypochloremic and hypokalemic meta-
bolic alkalosis can occur from isolated loss of gastric contents
in infants with pyloric stenosis or adults with duodenal ulcer
disease. Unlike vomiting associated with an open pylorus,

Table 3-10
Etiology of metabolic alkalosis

Increased bicarbonate generation
1. Chloride losing (urinary chloride >20 mEq/L)
Mineralocorticoid excess
Profound potassium depletion
2. Chloride sparing (urinary chloride <20 mEq/L)
Loss from gastric secretions (emesis or nasogastric
suction)
Diuretics
3. Excess administration of alkali
Acetate in parenteral nutrition
Citrate in blood transfusions
Antacids
Bicarbonate
Milk-alkali syndrome

Impaired bicarbonate excretion

1. Decreased glomerular filtration

2. Increased bicarbonate reabsorption (hypercarbia or
potassium depletion)

which involves a loss of gastric as well as pancreatic, biliary,
and intestinal secretions, vomiting with an obstructed pylorus
results only in the loss of gastric fluid, which is high in chloride
and hydrogen, and therefore results in a hypochloremic alkalo-
sis. Initially the urinary bicarbonate level is high in compensa-
tion for the alkalosis. Hydrogen ion reabsorption also ensues,
with an accompanied potassium ion excretion. In response to
the associated volume deficit, aldosterone-mediated sodium
reabsorption increases potassium excretion. The resulting hypo-
kalemia leads to the excretion of hydrogen ions in the face of
alkalosis, a paradoxic aciduria. Treatment includes replacement
of the volume deficit with isotonic saline and then potassium
replacement once adequate urine output is achieved.

Respiratory Derangements. Under normal circumstances
blood Pco, is tightly maintained by alveolar ventilation,
controlled by the respiratory centers in the pons and medulla
oblongata.

Respiratory Acidosis Respiratory acidosis is associated with
the retention of CO, secondary to decreased alveolar ventila-
tion. The principal causes are listed in Table 3-11. Because
compensation is primarily a renal mechanism, it is a delayed
response. Treatment of acute respiratory acidosis is directed
at the underlying cause. Measures to ensure adequate ventila-
tion are also initiated. This may entail patient-initiated volume
expansion using noninvasive bilevel positive airway pressure
or may require endotracheal intubation to increase minute ven-
tilation. In the chronic form of respiratory acidosis, the partial
pressure of arterial CO, remains elevated and the bicarbonate
concentration rises slowly as renal compensation occurs.

Respiratory Alkalosis In the surgical patient, most cases of
respiratory alkalosis are acute and secondary to alveolar hyper-
ventilation. Causes include pain, anxiety, and neurologic dis-
orders, including central nervous system injury and assisted
ventilation. Drugs such as salicylates, fever, gram-negative
bacteremia, thyrotoxicosis, and hypoxemia are other possibili-
ties. Acute hypocapnia can cause an uptake of potassium and
phosphate into cells and increased binding of calcium to albu-
min, leading to symptomatic hypokalemia, hypophosphatemia,
and hypocalcemia with subsequent arrhythmias, paresthesias,
muscle cramps, and seizures. Treatment should be directed at
the underlying cause, but direct treatment of the hyperventila-
tion using controlled ventilation may also be required.

Table 3-11
Etiology of respiratory acidosis: hypoventilation

Narcotics
Central nervous system injury
Pulmonary: significant

Secretions

Atelectasis

Mucus plug

Pneumonia

Pleural effusion
Pain from abdominal or thoracic injuries or incisions
Limited diaphragmatic excursion from intra-abdominal
pathology

Abdominal distention

Abdominal compartment syndrome

Ascites
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Electrolyte solutions for parenteral administration

ELECTROLYTE COMPOSITION (mEgq/L)
SOLUTION Na CL HCO,~ Ca Mg mOsm
Extracellular fluid 142 103 27 5 3 280-310
Lactated Ringer’s 130 109 28 3 273
0.9% Sodium chloride 154 154 308
D5 0.45% Sodium chloride 77 77 407
DsW 253
3% Sodium chloride 513 513 1026

D5 = 5% dextrose; DSW = 5% dextrose in water.

FLUID AND ELECTROLYTE THERAPY

Parenteral Solutions

A number of commercially available electrolyte solutions are
available for parenteral administration. The most commonly
used solutions are listed in Table 3-12. The type of fluid admin-
istered depends on the patient’s volume status and the type of
concentration or compositional abnormality present. Both lac-
tated Ringer’s solution and normal saline are considered isotonic
and are useful in replacing GI losses and correcting extracellular
volume deficits. Lactated Ringer’s is slightly hypotonic in that
it contains 130 mEq of lactate. Lactate is used rather than bicar-
bonate because it is more stable in IV fluids during storage. It
is converted into bicarbonate by the liver after infusion, even
in the face of hemorrhagic shock. Evidence has suggested that
resuscitation using lactated Ringer’s may be deleterious because
it activates the inflammatory response and induces apoptosis.
The component that has been implicated is the D isomer of lac-
tate, which unlike the L isomer is not a normal intermediary in
mammalian metabolism.?2 However, subsequent in vivo stud-
ies showed significantly lower levels of apoptosis in lung and
liver tissue after resuscitation with any of the various Ringer’s
formulations.?3

Sodium chloride is mildly hypertonic, containing 154 mEq
of sodium that is balanced by 154 mEq of chloride. The high
chloride concentration imposes a significant chloride load on
the kidneys and may lead to a hyperchloremic metabolic acido-
sis. Sodium chloride is an ideal solution, however, for correcting
volume deficits associated with hyponatremia, hypochloremia,
and metabolic alkalosis.

The less concentrated sodium solutions, such as 0.45%
sodium chloride, are useful for replacement of ongoing GI
losses as well as for maintenance fluid therapy in the post-
operative period. This solution provides sufficient free water
for insensible losses and enough sodium to aid the kidneys in
adjustment of serum sodium levels. The addition of 5% dextrose
(50 g of dextrose per liter) supplies 200 kcal/L, and dextrose is
always added to solutions containing <0.45% sodium chloride
to maintain osmolality and thus prevent the lysis of red blood
cells that may occur with rapid infusion of hypotonic fluids. The
addition of potassium is useful once adequate renal function and
urine output are established.

Alternative Resuscitative Fluids
A number of alternative solutions for volume expansion and
resuscitation are available (Table 3-13).2% Hypertonic saline
solutions (3.5% and 5%) are used for correction of
5» severe sodium deficits and are discussed elsewhere in
this chapter. Hypertonic saline (7.5%) has been used as a treat-
ment modality in patients with closed head injuries. It has been
shown to increase cerebral perfusion and decrease intracranial
pressure, thus decreasing brain edema.?> However, there have
also been concerns about increased bleeding, because hyper-
tonic saline is an arteriolar vasodilator. A trial of 853 patients
receiving hypertonic saline versus hypertonic saline/dextran
70 vs. 0.9% saline as initial resuscitation in the field showed
a higher 28-day mortality in both hypertonic saline groups
compared to 0.9% saline.2° Colloids also are used in surgical
patients, and their effectiveness as volume expanders com-
pared with isotonic crystalloids has long been debated. Due
to their molecular weight, they are confined to the intravas-
cular space, and their infusion results in more efficient tran-
sient plasma volume expansion. However, under conditions of

Table 3-13

Alternative resuscitative fluids

MOLECULAR | OSMOLALITY |SODIUM
SOLUTION WEIGHT (mOsm/L) (mEq/L)
Hypertonic saline | — 2565 1283
(7.5%)
Albumin 5% 70,000 300 130-160
Albumin 25% 70,000 1500 130-160
Dextran 40 40,000 308 154
Dextran 70 70,000 308 154
Hetastarch 450,000 310 154
Hextend 670,000 307 143
Gelofusine 30,000 NA 154

NA = not available.



severe hemorrhagic shock, capillary membrane permeability
increases; this permits colloids to enter the interstitial space,
which can worsen edema and impair tissue oxygenation. The
theory that these high molecular weight agents “plug” capil-
lary leaks, which occur during neutrophil-mediated organ injury,
has not been confirmed.2”28 Four major types of colloids are
available—albumin, dextrans, hetastarch, and gelatins—that
are described by their molecular weight and size in Table 3-13.
Colloid solutions with smaller particles and lower molecular
weights exert a greater oncotic effect but are retained within
the circulation for a shorter period of time than larger and
higher molecular weight colloids.

Albumin (molecular weight 70,000) is prepared from
heat-sterilized pooled human plasma. It is typically avail-
able as either a 5% solution (osmolality of 300 mOsm/L) or
25% solution (osmolality of 1500 mOsm/L). Because it is a
derivative of blood, it can be associated with allergic reactions.
Albumin has been shown to induce renal failure and impair
pulmonary function when used for resuscitation in hemor-
rhagic shock.?’

Dextrans are glucose polymers produced by bacteria
grown on sucrose media and are available as either 40,000 or
70,000 molecular weight solutions. They lead to initial volume
expansion due to their osmotic effect but are associated with
alterations in blood viscosity. Thus dextrans are used primar-
ily to lower blood viscosity rather than as volume expanders.
Dextrans have been used, in association with hypertonic saline,
to help maintain intravascular volume.

Hydroxyethyl starch solutions are another group of alter-
native plasma expanders and volume replacement solutions.
Hetastarches are produced by the hydrolysis of insoluble amy-
lopectin, followed by a varying number of substitutions of
hydroxyl groups for carbon groups on the glucose molecules.
The molecular weights can range from 1000 to 3,000,000.
The high molecular weight hydroxyethyl starch hetastarch,
which comes as a 6% solution, is the only hydroxyethyl starch
approved for use in the United States. Administration of hetas-
tarch can cause hemostatic derangements related to decreases
in von Willebrand’s factor and factor VIII:C, and its use has
been associated with postoperative bleeding in cardiac and neu-
rosurgery patients.’-3! Hetastarch also can induce renal dys-
function in patients with septic shock and was associated with
a significant increased risk of mortality and acute kidney injury
in the critically il.3233 Currently, hetastarch has a limited role
in massive resuscitation because of the associated coagulopa-
thy and hyperchloremic acidosis (due to its high chloride con-
tent). Hextend is a modified, balanced, high molecular weight
hydroxyethyl starch that is suspended in a lactate-buffered solu-
tion, rather than in saline. A phase III clinical study comparing
Hextend to a similar 6% hydroxyethyl starch in patients under-
going major abdominal surgery demonstrated no adverse effects
on coagulation with Hextend other than the known effects of
hemodilution.3* Hextend has not been tested for use in mas-
sive resuscitation, and not all clinical studies show consistent
results.®

Gelatins are the fourth group of colloids and are produced
from bovine collagen. The two major types are urea-linked
gelatin and succinylated gelatin (modified fluid gelatin, Gelo-
fusine). Gelofusine has been used abroad with mixed results.3°
Like many other artificial plasma volume expanders, it has
been shown to impair whole blood coagulation time in human
volunteers.’

Correction of Life-Threatening Electrolyte
Abnormalities
Sodium

Hypernatremia Treatment of hypernatremia usually consists of
treatment of the associated water deficit. In hypovolemic patients,
volume should be restored with normal saline before the concen-
tration abnormality is addressed. Once adequate volume has been
achieved, the water deficit is replaced using a hypotonic fluid
such as 5% dextrose, 5% dextrose in ¥4 normal saline, or enterally
administered water. The formula used to estimate the amount of
water required to correct hypernatremia is as follows:

serum sodium — 140
140

Water deficit (L) = X TBW

Estimate TBW as 50% of lean body
mass in men and 40% in women

The rate of fluid administration should be titrated to
achieve a decrease in serum sodium concentration of no more
than 1 mEqg/h and 12 mEq/d for the treatment of acute symp-
tomatic hypernatremia. Even slower correction should be under-
taken for chronic hypernatremia (0.7 mEq/h), because overly
rapid correction can lead to cerebral edema and herniation. The
type of fluid used depends on the severity and ease of correc-
tion. Oral or enteral replacement is acceptable in most cases,
or IV replacement with half- or quarter-normal saline can be
used. Caution also should be exercised when using 5% dextrose
in water to avoid overly rapid correction. Frequent neurologic
evaluation as well as frequent evaluation of serum sodium levels
also should be performed. Hypernatremia is less common than
hyponatremia, but has a worse prognosis, and is an independent
predictor of mortality in critical illness.38

Hyponatremia Most cases of hyponatremia can be treated
by free water restriction and, if severe, the administration of
sodium. In patients with normal renal function, symptomatic
hyponatremia usually does not occur until the serum sodium
level is <120 mEq/L. If neurologic symptoms are present, 3%
normal saline should be used to increase the sodium by no
more than 1 mEq/L per hour until the serum sodium level
reaches 130 mEq/L or neurologic symptoms are improved.
Correction of asymptomatic hyponatremia should increase the
sodium level by no more than 0.5 mEq/L per hour to a maxi-
mum increase of 12 mEq/L per day, and even more slowly in
chronic hyponatremia. The rapid correction of hyponatremia
can lead to pontine myelinolysis,?® with seizures, weakness,
paresis, akinetic movements, and unresponsiveness, and may
result in permanent brain damage and death. Serial magnetic
resonance imaging may be necessary to confirm the diagnosis.*°

Potassium

Hyperkalemia Treatment options for symptomatic hyperka-
lemia are listed in Table 3-14. The goals of therapy include
reducing the total body potassium, shifting potassium from
the extracellular to the intracellular space, and protecting the
cells from the effects of increased potassium. For all patients,
exogenous sources of potassium should be removed, including
potassium supplementation in IV fluids and enteral and paren-
teral solutions. Potassium can be removed from the body using
a cation-exchange resin such as Kayexalate that binds potas-
sium in exchange for sodium. It can be administered either
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Treatment of symptomatic hyperkalemia

Potassium removal
Kayexalate
Oral administration is 15-30 g in 50-100 mL of 20%
sorbitol
Rectal administration is 50 g in 200 mL of 20% sorbitol
Dialysis
Shift potassium
Glucose 1 ampule of Dy and regular insulin 5-10 units IV
Bicarbonate 1 ampule IV

Counteract cardiac effects
Calcium gluconate 5—-10 mL of 10% solution

Dy, =50% dextrose.

orally, in alert patients, or rectally. Immediate measures also
should include attempts to shift potassium intracellularly with
glucose and bicarbonate infusion. Nebulized albuterol (10 to
20 mg) may also be used. Use of glucose alone will cause a
rise in insulin secretion, but in the acutely ill, this response
may be blunted, and therefore both glucose and insulin may be
necessary. Circulatory overload and hypernatremia may result
from the administration of Kayexalate and bicarbonate, so care
should be exercised when administering these agents to patients
with fragile cardiac function. When ECG changes are pres-
ent, calcium chloride or calcium gluconate (5-10 mL of 10%
solution) should be administered immediately to counteract the
myocardial effects of hyperkalemia. Calcium infusion should be
used cautiously in patients receiving digitalis, because digitalis
toxicity may be precipitated. All of the aforementioned mea-
sures are temporary, lasting from 1 to approximately 4 hours.
Dialysis should be considered in severe hyperkalemia when
conservative measures fail.

Hypokalemia Treatment for hypokalemia consists of potas-
sium repletion, the rate of which is determined by the symptoms
(Table 3-15). Oral repletion is adequate for mild, asymptomatic
hypokalemia. If IV repletion is required, usually no more than
10 mEqg/h is advisable in an unmonitored setting. This amount
can be increased to 40 mEq/h when accompanied by continu-
ous ECG monitoring, and even more in the case of imminent
cardiac arrest from a malignant arrhythmia-associated hypoka-
lemia. Caution should be exercised when oliguria or impaired
renal function is coexistent.

Calcium

Hypercalcemia Treatment is required when hypercalcemia is
symptomatic, which usually occurs when the serum level exceeds
12 mg/dL. The critical level for serum calcium is 15 mg/dL, when
symptoms noted earlier may rapidly progress to death. The ini-
tial treatment is aimed at repleting the associated volume deficit
and then inducing a brisk diuresis with normal saline. Treatment
of hypercalcemia associated with malignancies is discussed
later in this chapter.

Hypocalcemia Asymptomatic hypocalcemia can be treated
with oral or IV calcium (see Table 3-15). Acute symptomatic
hypocalcemia should be treated with IV 10% calcium gluconate
to achieve a serum concentration of 7 to 9 mg/dL. Associated
deficits in magnesium, potassium, and pH must also be corrected.

Hypocalcemia will be refractory to treatment if coexisting hypo-
magnesemia is not corrected first. Routine calcium supplementa-
tion is no longer recommended in association with massive blood
transfusions.*!

Phosphorus

Hyperphosphatemia Phosphate binders such as sucralfate
or aluminum-containing antacids can be used to lower serum
phosphorus levels. Calcium acetate tablets also are useful when
hypocalcemia is simultaneously present. Dialysis usually is
reserved for patients with renal failure.

Hypophosphatemia Depending on the level of depletion and
tolerance to oral supplementation, a number of enteral and par-
enteral repletion strategies are effective for the treatment of
hypophosphatemia (see Table 3-15).

Magnesium

Hypermagnesemia Treatment for hypermagnesemia consists
of measures to eliminate exogenous sources of magnesium,
correct concurrent volume deficits, and correct acidosis if pres-
ent. To manage acute symptoms, calcium chloride (5 to 10 mL)
should be administered to immediately antagonize the cardiovas-
cular effects. If elevated levels or symptoms persist, hemodialy-
sis may be necessary.

Hypomagnesemia Correction of magnesium depletion can
be oral if asymptomatic and mild. Otherwise, IV repletion is
indicated and depends on severity (see Table 3-15) and clini-
cal symptoms. For those with severe deficits (<1.0 mEg/L) or
those who are symptomatic, 1 to 2 g of magnesium sulfate may
be administered IV over 15 minutes. Under ECG monitoring, it
may be given over 2 minutes if necessary to correct torsades de
pointes (irregular ventricular thythm). Caution should be taken
when giving large amounts of magnesium, because magnesium
toxicity may develop. The simultaneous administration of cal-
cium gluconate will counteract the adverse side effects of a rap-
idly rising magnesium level and correct hypocalcemia, which is
frequently associated with hypomagnesemia.

Preoperative Fluid Therapy

The administration of maintenance fluids should be all that is
required in an otherwise healthy individual who may be under
orders to receive nothing by mouth for some period before the
time of surgery. This does not, however, include replenishment
of a pre-existing deficit or ongoing fluid losses. The follow-
ing is a frequently used formula for calculating the volume of
maintenance fluids in the absence of pre-existing abnormalities:

For the first 0-10 kg
For the next 10-20 kg

Give 100 mL/kg per day
Give an additional 50 mL/
kg per day

Give an additional 20 mL/
kg per day

For weight >20 kg

For example, a 60-kg female would receive a total of
2300 mL of fluid daily: 1000 mL for the first 10 kg of body
weight (10 kg x 100 mL/kg per day), 500 mL for the next 20 kg
(10 kg x 50 mL/kg per day), and 800 mL for the last 40 kg (40 kg
x 20 mL/kg per day).

An alternative approach is to replace the calculated daily
water losses in urine, stool, and insensible loss with a hypo-
tonic saline solution rather than water alone, which allows



Table 3-15

Electrolyte replacement therapy protocol

Potassium
Serum potassium level <4.0 mEq/L:

Asymptomatic, tolerating enteral nutrition: KCI 40 mEq per enteral access X 1 dose
Asymptomatic, not tolerating enteral nutrition: KC1 20 mEq IV g2h X 2 doses

Symptomatic: KC1 20 mEq IV qlh x 4 doses

Recheck potassium level 2 h after end of infusion; if <3.5 mEq/L and asymptomatic, replace as per above protocol

Magnesium
Magnesium level 1.0-1.8 mEq/L:

Magnesium sulfate 0.5 mEq/kg in normal saline 250 mL infused IV over 24 h x 3 d

Recheck magnesium level in 3 d
Magnesium level <1.0 mEq/L:

Magnesium sulfate 1 mEq/kg in normal saline 250 mL infused IV over 24 h x 1 d, then 0.5 mEq/kg in normal saline 250 mL

infused IV over 24 h x 2 d
Recheck magnesium level in 3 d
If patient has gastric access and needs a bowel regimen:

Milk of magnesia 15 mL (approximately 49 mEq magnesium) q24h per gastric tube; hold for diarrhea

Calcium
Tonized calcium level <4.0 mg/dL:

With gastric access and tolerating enteral nutrition: Calcium carbonate suspension 1250 mg/5 mL q6h per gastric access;

recheck ionized calcium level in 3 d

Without gastric access or not tolerating enteral nutrition: Calcium gluconate 2 g IV over 1 h x 1 dose; recheck ionized calcium

levelin 3 d

Phosphate
Phosphate level 1.0-2.5 mg/dL:

Tolerating enteral nutrition: Neutra-Phos 2 packets q6h per gastric tube or feeding tube
No enteral nutrition: KPHO, or NaPO, 0.15 mmol/kg IV over 6 h X 1 dose

Recheck phosphate level in 3 d
Phosphate level <1.0 mg/dL:

Tolerating enteral nutrition: KPHO, or NaPO, 0.25 mmol/kg over 6 h x 1 dose

Recheck phosphate level 4 h after end of infusion; if <2.5 mg/dL, begin Neutra-Phos 2 packets qbh

Not tolerating enteral nutrition: KPHO, or NaPO, 0.25 mmol/kg (LBW) over 6 h x 1 dose; recheck phosphate level 4 h after
end of infusion; if <2.5 mg/dL, then KPHO, or NaPO, 0.15 mmol/kg (LBW) IV over 6 h X 1 dose

3 mmol KPHO, = 3 mmol Phos and 4.4 mEq K* =1 mL

3 mmol NaPO, = 3 mmol Phos and 4 mEq Na* = 1 mL

Neutra-Phos 1 packet = 8 mmol Phos, 7 mEq K*, 7 mEq Na*

Use patient’s lean body weight (LBW) in kilograms for all calculations.

Disregard protocol if patient has renal failure, is on dialysis, or has a creatinine clearance <30 mL/min.

the kidney some sodium excess to adjust for concentration.
Although there should be no “routine” maintenance fluid orders,
both of these methods would yield an appropriate choice of
5% dextrose in 0.45% sodium chloride at 100 mL/h as initial
therapy, with potassium added for patients with normal renal
function. However, many surgical patients have volume and/or
electrolyte abnormalities associated with their surgical disease.
Preoperative evaluation of a patient’s volume status and pre-
existing electrolyte abnormalities is an important part of over-
all preoperative assessment and care. Volume deficits should
be considered in patients who have obvious GI losses, such as
through emesis or diarrhea, as well as in patients with poor oral
intake secondary to their disease. Less obvious are those fluid
losses known as third-space or nonfunctional ECF losses that
occur with GI obstruction, peritoneal or bowel inflammation,
ascites, crush injuries, burns, and severe soft tissue infections
such as necrotizing fasciitis. The diagnosis of an acute volume

deficit is primarily clinical (see Table 3-2), although the physi-
cal signs may vary with the duration of the deficit. Cardiovascu-
lar signs of tachycardia and orthostasis predominate with acute
volume loss, usually accompanied by oliguria and hemoconcen-
tration. Acute volume deficits should be corrected as much as
possible before the time of operation.

Once a volume deficit is diagnosed, prompt fluid replace-
ment should be instituted, usually with an isotonic crystalloid,
depending on the measured serum electrolyte values. Patients
with cardiovascular signs of volume deficit should receive a
bolus of 1 to 2 L of isotonic fluid followed by a continuous infu-
sion. Close monitoring during this period is imperative. Resus-
citation should be guided by the reversal of the signs of volume
deficit, such as restoration of acceptable values for vital signs,
maintenance of adequate urine output (Y2—1 mL/kg per hour in
an adult), and correction of base deficit. Patients whose volume
deficit is not corrected after this initial volume challenge and

79

IN3ILVd TVII9YUNS FHL 40 INFIWIDVYNVIW JLAT0ULI373 ANV aAINTd



80

SNOILYY3IAISNOI JISv4

those with impaired renal function and the elderly should be
considered for more intensive monitoring in an intensive care
unit setting. In these patients, early invasive monitoring of cen-
tral venous pressure or cardiac output may be necessary.

If symptomatic electrolyte abnormalities accompany vol-
ume deficit, the abnormality should be corrected to the point
that the acute symptom is relieved before surgical interven-
tion. For correction of severe hypernatremia associated with a
volume deficit, an unsafe rapid fall in extracellular osmolarity
from 5% dextrose infusion is avoided by slowly correcting the
hypernatremia with 0.45% saline or even lactated Ringer’s solu-
tion rather than 5% dextrose alone. This will safely and slowly
correct the hypernatremia while also correcting the associated
volume deficit.

Intraoperative Fluid Therapy

With the induction of anesthesia, compensatory mechanisms are
lost, and hypotension will develop if volume deficits are not
appropriately corrected before the time of surgery. Hemody-
namic instability during anesthesia is best avoided by correct-
ing known fluid losses, replacing ongoing losses, and providing
adequate maintenance fluid therapy preoperatively. In addi-
tion to measured blood loss, major open abdominal surgeries
are associated with continued extracellular losses in the form
of bowel wall edema, peritoneal fluid, and the wound edema
during surgery. Large soft tissue wounds, complex fractures
with associated soft tissue injury, and burns are all associated
with additional third-space losses that must be considered in the
operating room. These represent distributional shifts, in that the
functional volume of ECF is reduced but fluid is not externally
lost from the body. These functional losses have been referred
to as parasitic losses, sequestration, or third-space edema,
because the lost volume no longer participates in the normal
functions of the ECF.

Until the 1960s saline solutions were withheld during sur-
gery. Administered saline was retained and was felt to be an
inappropriate challenge to a physiologic response of intraopera-
tive salt intolerance. Basic and clinical research began to change
this concept,*>*3 eventually leading to the current concept that
saline administration is necessary to restore the obligate ECF
losses noted earlier. Although no accurate formula can predict
intraoperative fluid needs, replacement of ECF during surgery
often requires 500 to 1000 mL/h of a balanced salt solution to
support homeostasis. The addition of albumin or other colloid-
containing solutions to intraoperative fluid therapy is not neces-
sary. Manipulation of colloid oncotic forces by albumin infusion
during major vascular surgery showed no advantage in support-
ing cardiac function or avoiding the accumulation of extravas-
cular lung water.**

Postoperative Fluid Therapy

Postoperative fluid therapy should be based on the patient’s
current estimated volume status and projected ongoing fluid
losses. Any deficits from either preoperative or intraoperative
losses should be corrected, and ongoing requirements should
be included along with maintenance fluids. Third-space losses,
although difficult to measure, should be included in fluid
replacement strategies. In the initial postoperative period, an
isotonic solution should be administered. The adequacy of
resuscitation should be guided by the restoration of acceptable
values for vital signs and urine output and, in more complicated
cases, by the correction of base deficit or lactate. If uncertainty

exists, particularly in patients with renal or cardiac dysfunction,
a central venous catheter or Swan-Ganz catheter may be inserted
to help guide fluid therapy. After the initial 24 to 48 hours, flu-
ids can be changed to 5% dextrose in 0.45% saline in patients
unable to tolerate enteral nutrition. If normal renal function and
adequate urine output are present, potassium may be added to
the I'V fluids. Daily fluid orders should begin with assessment of
the patient’s volume status and assessment of electrolyte abnor-
malities. There is rarely a need to check electrolyte levels in the
first few days of an uncomplicated postoperative course. How-
ever, postoperative diuresis may require attention to replace-
ment of urinary potassium loss. All measured losses, including
losses through vomiting, nasogastric suctioning, drains, and
urine output, as well as insensible losses, are replaced with the
appropriate parenteral solutions as previously reviewed.

Special Considerations for the

Postoperative Patient

Volume excess is a common disorder in the postoperative period.
The administration of isotonic fluids in excess of actual needs
may result in excess volume expansion. This may be due to the
overestimation of third-space losses or to ongoing GI losses that
are difficult to measure accurately. The earliest sign of volume
overload is weight gain. The average postoperative patient who
is not receiving nutritional support should lose approximately
0.25t0 0.5 1b/d (0.11 to 0.23 kg/d) from catabolism. Additional
signs of volume excess may also be present as listed in Table 3-2.
Peripheral edema may not necessarily be associated with intra-
vascular volume overload, because overexpansion of total ECF
may exist in association with a deficit in the circulating plasma
volume.

Volume deficits also can be encountered in surgical
patients if preoperative losses were not completely corrected,
intraoperative losses were underestimated, or postoperative
losses were greater than appreciated. The clinical manifestations
are described in Table 3-2 and include tachycardia, orthostasis,
and oliguria. Hemoconcentration also may be present. Treat-
ment will depend on the amount and composition of fluid lost.
In most cases of volume depletion, replacement with an isotonic

fluid will be sufficient while alterations in concentration
6 and composition are being evaluated.

ELECTROLYTE ABNORMALITIES IN SPECIFIC
SURGICAL PATIENTS

Neurologic Patients

Syndrome of Inappropriate Secretion of Antidiuretic
Hormone. The syndrome of inappropriate secretion of antidi-
uretic hormone (SIADH) can occur after head injury or surgery
to the central nervous system, but it also is seen in association
with administration of drugs such as morphine, nonsteroidals,
and oxytocin, and in a number of pulmonary and endocrine
diseases, including hypothyroidism and glucocorticoid defi-
ciency. Additionally, it can be seen in association with a number
of malignancies, most often small cell cancer of the lung but

also pancreatic carcinoma, thymoma, and Hodgkin’s dis-
lAg ease.*> STADH should be considered in patients who are
euvolemic and hyponatremic with elevated urine sodium levels
and urine osmolality. ADH secretion is considered inappropriate
when it is not in response to osmotic or volume-related condi-
tions. Correction of the underlying problem should be attempted



when possible. In most cases, restriction of free water will improve
the hyponatremia. The goal is to achieve net water balance while
avoiding volume depletion that may compromise renal function.
Furosemide also can be used to induce free water loss. If hypo-
natremia persists after fluid restriction, the addition of isotonic or
hypertonic fluids may be effective. The administration of isotonic
saline may sometimes worsen the problem if the urinary sodium
concentration is higher than the infused sodium concentration.
The use of loop diuretics may be helpful in this situation by pre-
venting further urine concentration. In chronic SIADH, when
long-term fluid restriction is difficult to maintain or is ineffective,
demeclocycline and lithium can be used to induce free water loss.

Diabetes Insipidus. Diabetes insipidus (DI) is a disorder of
ADH stimulation and is manifested by dilute urine in the case of
hypernatremia. Central DI results from a defect in ADH secre-
tion, and nephrogenic DI results from a defect in end-organ
responsiveness to ADH. Central DI is frequently seen in asso-
ciation with pituitary surgery, closed head injury, and anoxic
encephalopathy.*® Nephrogenic DI occurs in association with
hypokalemia, administration of radiocontrast dye, and use of
certain drugs such as aminoglycosides and amphotericin B. In
patients tolerating oral intake, volume status usually is normal
because thirst stimulates increased intake. However, volume
depletion can occur rapidly in patients incapable of oral intake.
The diagnosis can be confirmed by documenting a paradoxical
increase in urine osmolality in response to a period of water
deprivation. In mild cases, free water replacement may be
adequate therapy. In more severe cases, vasopressin can be
added. The usual dosage of vasopressin is 5 U subcutaneously
every 6 to 8 hours. However, serum electrolytes and osmolality
should be monitored to avoid excess vasopressin administration
with resulting iatrogenic SITADH.

Cerebral Salt Wasting. Cerebral salt wasting is a diagnosis
of exclusion that occurs in patients with a cerebral lesion and
renal wasting of sodium and chloride with no other identifiable
cause.*’ Natriuresis in a patient with a contracted extracellular
volume should prompt the possible diagnosis of cerebral salt
wasting. Hyponatremia is frequently observed but is nonspecific
and occurs as a secondary event, which differentiates it from
SIADH.

Malnourished Patients: Refeeding Syndrome
Refeeding syndrome is a potentially lethal condition that can
occur with rapid and excessive feeding of patients with severe
underlying malnutrition due to starvation, alcoholism, delayed
nutritional support, anorexia nervosa, or massive weight loss
in obese patients.“8 With refeeding, a shift in metabolism from
fat to carbohydrate substrate stimulates insulin release, which
results in the cellular uptake of electrolytes, particularly phos-
phate, magnesium, potassium, and calcium. However, severe
hyperglycemia may result from blunted basal insulin secretion.
The refeeding syndrome can be associated with enteral or par-
enteral refeeding, and symptoms from electrolyte abnormalities
include cardiac arrhythmias, confusion, respiratory failure, and
even death. To prevent the development of refeeding syndrome,
underlying electrolyte and volume deficits should be corrected.
Additionally, thiamine should be administered before the initia-
tion of feeding. Caloric repletion should be instituted slowly and
should gradually increase over the first week.* Vital signs, fluid
balance, and electrolytes should be closely monitored and any
deficits corrected as they evolve.

Acute Renal Failure Patients

A number of fluid and electrolyte abnormalities are specific to
patients with acute renal failure. With the onset of renal fail-
ure, an accurate assessment of volume status must be made. If
prerenal azotemia is present, prompt correction of the underly-
ing volume deficit is mandatory. Once acute tubular necrosis
is established, measures should be taken to restrict daily fluid
intake to match urine output and insensible and GI losses. Oli-
guric renal failure requires close monitoring of serum potas-
sium levels. Measures to correct hyperkalemia as reviewed in
Table 3-14 should be instituted early, including consideration
of early hemodialysis. Hyponatremia is common in established
renal failure as a result of the breakdown of proteins, carbohy-
drates, and fats, as well the administration of free water. Dialy-
sis may be required for severe hyponatremia. Hypocalcemia,
hypermagnesemia, and hyperphosphatemia also are associated
with acute renal failure. Hypocalcemia should be verified by
measuring ionized calcium, because many patients also are
hypoalbuminemic. Phosphate binders can be used to control
hyperphosphatemia, but dialysis may be required in more severe
cases. Metabolic acidosis is commonly seen with renal failure,
as the kidneys lose their ability to clear acid by-products. Bicar-
bonate can be useful, but dialysis often is needed. Although
dialysis may be either intermittent or continuous, renal recovery
may be improved by continuous renal replacement.””

Cancer Patients

Fluid and electrolyte abnormalities are common in patients with
cancer. The causes may be common to all patient populations or
may be specific to cancer patients and their treatment.>! Hypo-
natremia is frequently hypovolemic due to renal loss of sodium
caused by diuretics or salt-wasting nephropathy as seen with
some chemotherapeutic agents such as cisplatin. Cerebral salt
wasting also can occur in patients with intracerebral lesions.
Normovolemic hyponatremia may occur in association with
SIADH from cervical cancer, lymphoma, and leukemia, or
from certain chemotherapeutic agents. Hypernatremia in can-
cer patients most often is due to poor oral intake or GI volume
losses, which are common side effects of chemotherapy. Central
DI also can lead to hypernatremia in patients with central ner-
vous system lesions.

Hypokalemia can develop from GI losses associated with
diarrhea caused by radiation enteritis or chemotherapy, or from
tumors such as villous adenomas of the colon. Tumor lysis syn-
drome can precipitate severe hyperkalemia from massive tumor
cell destruction.

Hypocalcemia can be seen after removal of a thyroid or
parathyroid tumor or after a central neck dissection, which can
damage the parathyroid glands. Hungry bone syndrome produces
acute and profound hypocalcemia after parathyroid surgery for
secondary or tertiary hyperparathyroidism because calcium is
rapidly taken up by bones. Prostate and breast cancer can result
in increased osteoblastic activity, which decreases serum calcium
by increasing bone formation. Acute hypocalcemia also can occur
with hyperphosphatemia, because phosphorus complexes with
calcium. Hypomagnesemia is a side effect of ifosfamide and
cisplatin therapy. Hypophosphatemia can be seen in hyperpara-
thyroidism, due to decreased phosphorus reabsorption, and in
oncogenic osteomalacia, which increases the urinary excretion of
phosphorus. Other causes of hypophosphatemia in cancer patients
include renal tubular dysfunction from multiple myeloma,
Bence Jones proteins, and certain chemotherapeutic agents.
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Acute hypophosphatemia can occur as rapidly proliferating
malignant cells take up phosphorus in acute leukemia. Tumor
lysis syndrome or the use of bisphosphonates to treat hypercalce-
mia also can result in hyperphosphatemia.

Malignancy is the most common cause of hypercalcemia
in hospitalized patients and is due to increased bone resorption
or decreased renal excretion. Bone destruction occurs from bony
metastasis as seen in breast or renal cell cancer but also can
occur in multiple myeloma. With Hodgkin’s and non-Hodgkin’s
lymphoma, hypercalcemia results from increased calcitriol for-
mation, which increases both absorption of calcium from the
GI tract and mobilization from bone. Humoral hypercalcemia
of malignancy is a common cause of hypercalcemia in cancer
patients. As in primary hyperparathyroidism, a parathyroid-
related protein is secreted that binds to parathyroid receptors,
stimulating calcium resorption from bone and decreasing renal
excretion of calcium. The treatment of hypercalcemia of malig-
nancy should begin with saline volume expansion, which will
decrease renal reabsorption of calcium as the associated volume
deficit is corrected. Once an adequate volume status has been
achieved, a loop diuretic may be added. Unfortunately, these
measures are only temporary, and additional treatment is often
necessary. A variety of drugs are available with varying times
of onset, durations of action, and side effects.>2 The bisphos-
phonates etidronate and pamidronate inhibit bone resorption
and osteoclastic activity. They have a slow onset of action, but
effects can last for 2 weeks. Calcitonin also is effective, inhibit-
ing bone resorption and increasing renal excretion of calcium.
It acts quickly, within 2 to 4 hours, but its use is limited by the
development of tachyphylaxis. Corticosteroids may decrease
tachyphylaxis in response to calcitonin and can be used alone
to treat hypercalcemia. Gallium nitrates are potent inhibitors of
bone resorption. They display a long duration of action but can
cause nephrotoxicity. Mithramycin is an antibiotic that blocks
osteoclastic activity, but it can be associated with liver, renal,
and hematologic abnormalities, which limits its use to the
treatment of Paget’s disease of bone. For patients with severe,
refractory hypercalcemia who are unable to tolerate volume
expansion due to pulmonary edema or congestive heart failure,
dialysis is an option.

Tumor lysis syndrome results when the release of intracel-
Iular metabolites overwhelms the kidneys’ excretory capacity.
This rapid release of uric acid, potassium, and phosphorus can
result in marked hyperuricemia, hyperkalemia, hyperphospha-
temia, and hypocalcemia, and acute renal failure. It is typically
seen with poorly differentiated lymphomas and leukemias but
also can occur with a number of solid tumor malignancies.
Tumor lysis syndrome most commonly develops during treat-
ment with chemotherapy or radiotherapy. Once it develops,
volume expansion should be undertaken and any associated
electrolyte abnormalities corrected. In this setting, hypocal-
cemia should not be treated unless it is symptomatic to avoid
metastatic calcifications. Dialysis may be required for man-
agement of impaired renal function or correction of electrolyte
abnormalities.
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BIOLOGY OF HEMOSTASIS

Hemostasis is a complex process whose function is to limit
blood loss from an injured vessel. Four major physiologic
events participate in the hemostatic process: vascular constric-
tion, platelet plug formation, fibrin formation, and fibrinolysis.
Although each tends to be activated in order, the four pro-
cesses are interrelated so that there is a continuum and mul-
tiple reinforcements. The process is shown schematically in
Fig. 4-1.

Vascular Constriction

Vascular constriction is the initial response to vessel injury. It is
more pronounced in vessels with medial smooth muscles and is
dependent on local contraction of smooth muscle. Vasoconstric-
tion is subsequently linked to platelet plug formation. Throm-
boxane A, (TXA,) is produced locally at the site if injury via
the release of arachidonic acid from platelet membranes and
is a potent constrictor of smooth muscle. Similarly, endothelin
synthesized by injured endothelium and serotonin (5-hydroxy-
tryptamine [5-HT]) released during platelet aggregation are
potent vasoconstrictors. Lastly, bradykinin and fibrinopeptides,
which are involved in the coagulation schema, are also capable
of contracting vascular smooth muscle.

The extent of vasoconstriction varies with the degree of
vessel injury. A small artery with a lateral incision may remain
open due to physical forces, whereas a similarly sized vessel
that is completely transected may contract to the extent that
bleeding ceases spontaneously.

Platelet Function

Platelets are anucleate fragments of megakaryocytes. The nor-
mal circulating number of platelets ranges between 150,000 and
400,000/uL. Up to 30% of circulating platelets may be seques-
tered in the spleen. If not consumed in a clotting reaction,

platelets are normally removed by the spleen and have an aver-
age life span of 7 to 10 days.

Platelets play an integral role in hemostasis by forming
a hemostatic plug and by contributing to thrombin formation
(Fig. 4-2). Platelets do not normally adhere to each other or
to the vessel wall but can form a plug that aids in cessation of
bleeding when vascular disruption occurs. Injury to the intimal
layer in the vascular wall exposes subendothelial collagen to
which platelets adhere. This process requires von Willebrand
factor (vWF), a protein in the subendothelium that is lacking in
patients with von Willebrand’s disease. vWF binds to glycopro-
tein (GP) I/IX/V on the platelet membrane. Following adhesion,
platelets initiate a release reaction that recruits other platelets
from the circulating blood to seal the disrupted vessel. Up to
this point, this process is known as primary hemostasis. Platelet
aggregation is reversible and is not associated with secretion.
Additionally, heparin does not interfere with this reaction, and
thus, hemostasis can occur in the heparinized patient. Adenosine
diphosphate (ADP) and serotonin are the principal mediators in
platelet aggregation.

Arachidonic acid released from the platelet membranes is
converted by cyclooxygenase to prostaglandin G, (PGG,) and
then to prostaglandin H, (PGH,), which, in turn, is converted to
TXA,. TXA, has potent vasoconstriction and platelet aggrega-
tion effects. Arachidonic acid may also be shuttled to adjacent
endothelial cells and converted to prostacyclin (PGI,), which
is a vasodilator and acts to inhibit platelet aggregation. Platelet
cyclooxygenase is irreversibly inhibited by aspirin and revers-
ibly blocked by nonsteroidal anti-inflammatory agents, but is
not affected by cyclooxygenase-2 (COX-2) inhibitors.

In the second wave of platelet aggregation, a release reac-
tion occurs in which several substances including ADP, Ca*',
serotonin, TXA, and 0-granule proteins are discharged. Fibrin-
ogen is a required cofactor for this process, acting as a bridge for



Key Points

1> The life span of platelets ranges from 7 to 10 days. Drugs that
interfere with platelet function include aspirin, clopidogrel, pra-
sugrel, dipyridamole, and the glycoprotein IIb/IIIa (GP IIb/IIIa)
inhibitors. Approximately 5 to 7 days should pass from the time
the drug is stopped until an elective procedure is performed.

2% The acute coagulopathy of trauma results from a combination
of activation of protein C and hyperfibrinolysis. It is distinct
from disseminated intravascular coagulation, is present on
arrival to the emergency department, and is associated with an
increase in mortality.

3» Newer anticoagulants like dabigatran and rivaroxaban have no
readily available method of detection of the degree of antico-
agulation and may not be readily reversible.

4> Therapeutic anticoagulation preoperatively and postop-
eratively is becoming increasingly more common. The
patient’s risk of intraoperative and postoperative bleeding
should guide the need for reversal of anticoagulation
therapy preoperatively and the timing of its reinstatement
postoperatively.

5» Damage control resuscitation has three basic components:
permissive hypotension, minimizing crystalloid-based
resuscitation, and the administration of predefined blood
products.

6% The need for massive transfusion should be anticipated,
and guidelines should be in place to provide early and
increased amounts of red blood cells, plasma, and platelets.J
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the GP IIb/IIla receptor on the activated platelets. The release
reaction results in compaction of the platelets into a plug, a pro-
cess that is no longer reversible. Thrombospondin, another pro-
tein secreted by the o-granule, stabilizes fibrinogen binding to
the activated platelet surface and strengthens the platelet-platelet
interactions. Platelet factor 4 (PF4) and o-thromboglobulin are
also secreted during the release reaction. PF4 is a potent heparin
antagonist. The second wave of platelet aggregation is inhibited
by aspirin and nonsteroidal anti-inflammatory drugs, by cyclic
adenosine monophosphate (cAMP), and by nitric oxide. As a
consequence of the release reaction, alterations occur in the
phospholipids of the platelet membrane that allow calcium and
clotting factors to bind to the platelet surface, forming enzymati-
cally active complexes. The altered lipoprotein surface (some-
times referred to as platelet factor 3) catalyzes reactions that
are involved in the conversion of prothrombin (factor II) to
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thrombin (factor Ila) by activated factor X (Xa) in the pres-
ence of factor V and calcium, and it is involved in the reaction
by which activated factor IX (IXa), factor VIII, and calcium
activate factor X. Platelets may also play a role in the initial
activation of factors XI and XII.

Coagulation

Hemostasis involves a complex interplay and combination of
interactions between platelets, the endothelium, and multiple
circulating or membrane-bound coagulation factors. While
a bit simplistic and not reflective of the depth or complexity
of these interactions, the coagulation cascade has traditionally
been depicted as two possible pathways converging into a single
common pathway (Fig. 4-3). While this pathway reflects the
basic process and sequences that lead to the formation of a clot,
the numerous feedback loops, endothelial interplay, and platelet
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Thrombin

Clotting factors
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Figure 4-1. Biology of hemostasis. The four phys-
iologic processes that interrelate to limit blood loss
from an injured vessel are illustrated and include
vascular constriction, platelet plug formation,
fibrin clot formation, and fibrinolysis.
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Figure 4-2. Schematic of platelet activation and thrombus function.

functions are not included. The intrinsic pathway begins with
the activation of factor XII that subsequently activates factors
XI, IX, and VIIIL. In this pathway, each of the primary factors
is “intrinsic” to the circulating plasma, whereby no surface is
required to initiate the process. In the extrinsic pathway, tissue
factor (TF) is released or exposed on the surface of the endo-
thelium, binding to circulating factor VII, facilitating its activa-
tion to VIIa. Each of these pathways continues on to a common
sequence that begins with the activation of factor X to Xa
(in the presence of VIIla). Subsequently, Xa (with the help of
factor Va) converts factor II (prothrombin) to thrombin and then
factor I (fibrinogen) to fibrin. Clot formation occurs after fibrin
monomers are cross-linked to polymers with the assistance of
factor XIII.

One convenient feature of depicting the coagulation cas-
cade with two merging arms is that commonly used laboratory
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tests segregate abnormalities of clotting to one of the two arms.
An elevated activated partial thromboplastin time (aPTT) is
associated with abnormal function of the intrinsic arm of the
cascade (II, IX, X, XI, XII), while the prothrombin time (PT) is
associated with the extrinsic arm (II, VII, X). Vitamin K defi-
ciency or warfarin use affects factors II, VII, IX, and X

Expanding from the basic concept of Fig. 4-3, the primary
pathway for coagulation is initiated by TF exposure following
subendothelial injury. Clot propagation ensues with what is a
sequence of four similar enzymatic reactions, each involving a
proteolytic enzyme generating the next enzyme by cleaving its
proenzyme, a phospholipid surface (e.g., platelet membrane) in
the presence of ionized calcium, and a helper protein. TF binds to
VlIa, and this complex catalyzes the activation of factor X to Xa.
This complex is four orders of magnitude more active at convert-
ing factor X than is factor VIla alone and also activates factor IX
to IXa. Factor Xa, together with Va, calcium, and phospholipid,
composes the prothrombinase complex that converts prothrom-
bin to thrombin. The prothrombinase complex is significantly
more effective at catalyzing its substrate than is factor Xa alone.
Thrombin is then involved with the conversion of fibrinogen to
fibrin and activation of factors V, VII, VIII, XI, and XIII.

In building on the redundancy inherent in the coagu-
lation system, factor VIIIa combines with IXa to form the
intrinsic factor complex. Factor IXa is responsible for the bulk
of the conversion of factor X to Xa. This complex (VIIIa-IXa)
is 50 times more effective at catalyzing factor X activation
than is the extrinsic (TF-VIIa) complex and five to six orders
of magnitude more effective than factor IXa alone.

Once formed, thrombin leaves the membrane surface
and converts fibrinogen by two cleavage steps into fibrin and
two small peptides termed fibrinopeptides A and B. Removal
of fibrinopeptide A permits end-to-end polymerization of the
fibrin molecules, whereas cleavage of fibrinopeptide B allows
side-to-side polymerization of the fibrin clot. This latter step is
facilitated by thrombin-activatable fibrinolysis inhibitor (TAFI),
which acts to stabilize the resultant clot.

Inflammation
Complement activation
Fibrinolysis

? Physiologic

Factor XlIl
Ca?*  Fibrin
Figure 4-3. Schematic of the
Factor Xllla coagulation system. HMW = high

X-Linked fibrin molecular weight.
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In seeking to balance profound bleeding with overwhelm-
ing clot burden, several related processes exist to prevent prop-
agation of the clot beyond the site of injury.' First, feedback
inhibition on the coagulation cascade deactivates the enzyme
complexes leading to thrombin formation. Thrombomodulin
(TM) presented by the endothelium serves as a “thrombin sink”
by forming a complex with thrombin, rendering it no longer
available to cleave fibrinogen. This then activates protein C
(APC) and reduces further thrombin generation by inhibiting
factors V and VIII. Second, tissue plasminogen activator (tPA)
is released from the endothelium following injury, cleaving
plasminogen to initiate fibrinolysis. APC then consumes plas-
minogen activator inhibitor-1 (PAI-1), leading to increased tPA
activity and fibrinolysis. Building on the anticoagulant response
to inhibit thrombin formation, tissue factor pathway inhibitor
(TFPI) is released, blocking the TF-VIIa complex and reducing
the production of factors Xa and IXa. Antithrombin IIT (AT-
IIT) then neutralizes all of the procoagulant serine proteases and
also inhibits the TF-VIIa complex. The most potent mechanism
of thrombin inhibition involves the APC system. APC forms a
complex with its cofactor, protein S, on a phospholipid surface.
This complex then cleaves factors Va and VIIIa so they are no
longer able to participate in the formation of TF-VIIa or pro-
thrombinase complexes. This is of interest clinically in the form
of a genetic mutation, called factor V Leiden. In this setting, fac-
tor V is resistant to cleavage by APC, thereby remaining active
as a procoagulant. Patients with factor V Leiden are predisposed
to venous thromboembolic events.

Degradation of fibrin clot is accomplished by plasmin, a
serine protease derived from the proenzyme plasminogen. Plas-
min formation occurs as a result of one of several plasminogen
activators. tPA is made by the endothelium and other cells of
the vascular wall and is the main circulating form of this family
of enzymes. tPA is selective for fibrin-bound plasminogen so
that endogenous fibrinolytic activity occurs predominately at
the site of clot formation. The other major plasminogen activa-
tor, urokinase plasminogen activator (uPA), also produced by
endothelial cells as well as by urothelium, is not selective for
fibrin-bound plasminogen. Of note, the thrombin-TM complex
activates TAFI, leading to a mixed effect on clot stability. In
addition to inhibiting fibrinolysis directly, removal of the termi-
nal lysine on the fibrin molecule by TAFI renders the clot more
susceptible to lysis by plasmin.

Fibrinolysis

Fibrin clot breakdown (lysis) allows restoration of blood flow
during the healing process following injury and begins at the
same time clot formation is initiated. Fibrin polymers are
degraded by plasmin, a serine protease derived from the pro-
enzyme plasminogen. Plasminogen is converted to plasmin by
one of several plasminogen activators, including tPA. Plasmin
then degrades the fibrin mesh at various places, leading to the
production of circulating fragments, termed fibrin degradation
products (FDPs), cleared by other proteases or by the kidney and
liver (Fig. 4-4). Fibrinolysis is directed by circulating kinases,
tissue activators, and kallikrein present in vascular endothelium.
tPA is synthesized by endothelial cells and released by the cells
on thrombin stimulation. Bradykinin, a potent endothelial-
dependent vasodilator, is cleaved from high molecular weight
kininogen by kallikrein and enhances the release of tPA. Both
tPA and plasminogen bind to fibrin as it forms, and this trimo-
lecular complex cleaves fibrin very efficiently. After plasmin is
generated, however, it cleaves fibrin somewhat less efficiently.

—— Thrombin—— Fibrin ——» FDP

1

Plasminogen Plasmin

A

T

tPA

Endothelium

Figure 4-4. Formation of fibrin degradation products (FDPs). tPA =
tissue plasminogen activator.

As with clot formation, fibrinolysis is also kept in check
through several robust mechanisms. tPA activates plasmino-
gen more efficiently when it is bound to fibrin, so that plasmin
is formed selectively on the clot. Plasmin is inhibited by o,-
antiplasmin, a protein that is cross-linked to fibrin by factor XIII,
which helps to ensure that clot lysis does not occur too quickly.
Any circulating plasmin is also inhibited by o.,-antiplasmin and
circulating tPA or urokinase. Clot lysis yields FDPs including
E-nodules and D-dimers. These smaller fragments interfere with
normal platelet aggregation, and the larger fragments may be
incorporated into the clot in lieu of normal fibrin monomers.
This may result in an unstable clot as seen in cases of severe
coagulopathy such as hyperfibrinolysis associated with trauma-
induced coagulopathy or disseminated intravascular coagulopa-
thy. The presence of D-dimers in the circulation may serve as a
marker of thrombosis or other conditions in which a significant
activation of the fibrinolytic system is present. Another inhibi-
tor of the fibrinolytic system is TAFI, which removes lysine
residues from fibrin that are essential for binding plasminogen.

CONGENITAL FACTOR DEFICIENCIES

Coagulation Factor Deficiencies

Inherited deficiencies of all of the coagulation factors are seen.
However, the three most frequent are factor VIII deficiency
(hemophilia A and von Willebrand’s disease), factor IX defi-
ciency (hemophilia B or Christmas disease), and factor
XI deficiency. Hemophilia A and hemophilia B are inherited as
sex-linked recessive disorders with males being affected almost
exclusively. The clinical severity of hemophilia A and hemo-
philia B depends on the measurable level of factor VIII or factor
IX in the patient’s plasma. Plasma factor levels less than 1%
of normal are considered severe disease, factor levels between
1% and 5% moderately severe disease, and levels between 5%
and 30% mild disease. Patients with severe hemophilia have
spontaneous bleeds, frequently into joints, leading to crippling
arthropathies. Intracranial bleeding, intramuscular hematomas,
retroperitoneal hematomas, and gastrointestinal, genitourinary,
and retropharyngeal bleeding are added clinical sequelae seen
with severe disease. Patients with moderately severe hemophilia
have less spontaneous bleeding but are likely to bleed severely
after trauma or surgery. Mild hemophiliacs do not bleed sponta-
neously and have only minor bleeding after major trauma or sur-
gery. Since platelet function is normal in hemophiliacs, patients
may not bleed immediately after an injury or minor surgery as




they have a normal response with platelet activation and forma-
tion of a platelet plug. At times, the diagnosis of hemophilia is
not made in these patients until after their first minor procedure
(e.g., tooth extraction or tonsillectomy).

Patients with hemophilia A or B are treated with factor
VIII or factor IX concentrate, respectively. Recombinant factor
VIII is strongly recommended for patients not treated previously
and is generally recommended for patients who are both human
immunodeficiency virus (HIV) and hepatitis C virus (HCV)
seronegative. For factor IX replacement, the preferred products
are recombinant or high-purity factor IX. In general, activity
levels should be restored to 30% to 40% for mild hemorrhage,
50% for severe bleeding, and 80% to 100% for life-threatening
bleeding. Up to 20% of hemophiliacs with factor VIII defi-
ciency develop inhibitors that can neutralize FVIII. For patients
with low titers, inhibitors can be overcome with higher doses of
factor VIII. For patients with high titer inhibitors, alternate treat-
ments should be used and may include porcine factor VIII, pro-
thrombin complex concentrates, activated prothrombin complex
concentrates, or recombinant factor VIla. For patients undergo-
ing elective surgical procedures, a multidisciplinary approach
with preoperative planning and replacement is recommended.?

von Willebrand’s Disease. von Willebrand’s disease (vWD),
the most common congenital bleeding disorder, is characterized
by a quantitative or qualitative defect in vWF, a large glycopro-
tein responsible for carrying factor VIII and platelet adhesion.
The latter is important for normal platelet adhesion to exposed
subendothelium and for aggregation under high shear condi-
tions. Patients with vWD have bleeding that is characteristic
of platelet disorders such as easy bruising and mucosal bleed-
ing. Menorrhagia is common in women. vWD is classified into
three types. Type I is a partial quantitative deficiency, type
II is a qualitative defect, and type III is total deficiency. For
bleeding, type I patients usually respond well to desmopressin
(DDAVP). Type II patients may respond, depending on the par-
ticular defect. Type III patients are usually unresponsive. These
patients may require vVWF concentrates.’

Factor XI Deficiency. Factor XI deficiency, an autosomal
recessive inherited condition sometimes referred to as hemo-
philia C, is more prevalent in the Ashkenazi Jewish population
but found in all races. Spontaneous bleeding is rare, but bleeding
may occur after surgery, trauma, or invasive procedures. Treat-
ment of patients with factor XI deficiency who present with
bleeding or in whom surgery is planned and who are known
to have bled previously is with fresh frozen plasma (FFP).
Each milliliter of plasma contains 1 unit of factor XI activity,
so the volume needed depends on the patient’s baseline level,
the desired level, and the plasma volume. Antifibrinolytics may
be useful in patients with menorrhagia. Factor VIla is recom-
mended for patients with anti-factor XI antibodies, although
thrombosis has been reported.* There has been renewed interest
in factor XI inhibitors as antithrombotic agents, because patients
with factor XI deficiency generally have only minimal bleeding
risk unless a severe deficiency is present and seem to be pro-
tected from thrombosis.’

Deficiency of Factors II (Prothrombin), V, and X. Inher-
ited deficiencies of factors II, V, and X are rare. These deficien-
cies are inherited as autosomal recessive. Significant bleeding
in homozygotes with less than 1% of normal activity is encoun-
tered. Bleeding with any of these deficiencies is treated with
FFP. Similar to factor XI, FFP contains one unit of activity

of each per milliliter. However, factor V activity is decreased
because of its inherent instability. The half-life of prothrom-
bin (factor II) is long (approximately 72 hours), and only about
25% of a normal level is needed for hemostasis. Prothrombin
complex concentrates can be used to treat deficiencies of pro-
thrombin or factor X. Daily infusions of FFP are used to treat
bleeding in factor V deficiency, with a goal of 20% to 25%
activity. Factor V deficiency may be coinherited with factor
VIII deficiency. Treatment of bleeding in individuals with the
combined deficiency requires factor VIII concentrate and FFP.
Some patients with factor V deficiency are also lacking the fac-
tor V normally present in platelets and may need platelet trans-
fusions as well as FFP.

Factor VII Deficiency. Inherited factor VII deficiency is a
rare autosomal recessive disorder. Clinical bleeding can vary
widely and does not always correlate with the level of FVII
coagulant activity in plasma. Bleeding is uncommon unless the
level is less than 3%. The most common bleeding manifesta-
tions involve easy bruising and mucosal bleeding, particularly
epistaxis or oral mucosal bleeding. Postoperative bleeding is
also common, reported in 30% of surgical procedures.® Treat-
ment is with FFP or recombinant factor VIIa. The half-life of
recombinant factor VlIla is only approximately 2 hours, but
excellent hemostasis can be achieved with frequent infusions.
The half-life of factor VII in FFP is up to 4 hours.

Factor XIII Deficiency. Congenital factor XIIT (FXIII) defi-
ciency, originally recognized by Duckert in 1960, is a rare
autosomal recessive disease usually associated with a severe
bleeding diathesis.” The male-to-female ratio is 1:1. Although
acquired FXIII deficiency has been described in association
with hepatic failure, inflammatory bowel disease, and myeloid
leukemia, the only significant association with bleeding in chil-
dren is the inherited deficiency.® Bleeding is typically delayed
because clots form normally but are susceptible to fibrinolysis.
Umbilical stump bleeding is characteristic, and there is a high
risk of intracranial bleeding. Spontaneous abortion is usual in
women with factor XIII deficiency unless they receive replace-
ment therapy. Replacement can be accomplished with FFP,
cryoprecipitate, or a factor XIII concentrate. Levels of 1% to
2% are usually adequate for hemostasis.

Platelet Functional Defects

Inherited platelet functional defects include abnormalities of
platelet surface proteins, abnormalities of platelet granules, and
enzyme defects. The major surface protein abnormalities are
thrombasthenia and Bernard-Soulier syndrome. Thrombasthe-
nia, or Glanzmann thrombasthenia, is a rare genetic platelet
disorder, inherited in an autosomal recessive pattern, in which
the platelet glycoprotein IIb/IIla (GP IIb/Illa) complex is either
lacking or present but dysfunctional. This defect leads to faulty
platelet aggregation and subsequent bleeding. The disorder was
first described by Dr. Eduard Glanzmann in 1918.° Bleeding
in thrombasthenic patients must be treated with platelet trans-
fusions. The Bernard-Soulier syndrome is caused by a defect
in the GP Ib/IX/V receptor for vVWF, which is necessary for
platelet adhesion to the subendothelium. Transfusion of normal
platelets is required for bleeding in these patients.

The most common intrinsic platelet defect is storage pool
disease. It involves loss of dense granules (storage sites for
ADP, adenosine triphosphate [ATP], Ca*", and inorganic phos-
phate) and a-granules. Dense granule deficiency is the most
prevalent of these. It may be an isolated defect or occur with
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partial albinism in the Hermansky-Pudlak syndrome. Bleed-
ing is variable, depending on the severity of the granule defect.
Bleeding is caused by the decreased release of ADP from these
platelets. A few patients have been reported who have decreased
numbers of both dense and a-granules. They have a more severe
bleeding disorder. Patients with mild bleeding as a consequence
of a form of storage pool disease can be treated with DDAVP. It
is likely that the high levels of vWF in the plasma after DDAVP
somehow compensate for the intrinsic platelet defect. With
more severe bleeding, platelet transfusion is required.

ACQUIRED HEMOSTATIC DEFECTS

Platelet Abnormalities

Acquired abnormalities of platelets are much more common
than acquired defects and may be quantitative or qualitative,
although some patients have both types of defects. Quantita-
tive defects may be a result of failure of production, shortened
survival, or sequestration. Failure of production is generally a
result of bone marrow disorders such as leukemia, myelodys-
plastic syndrome, severe vitamin B, or folate deficiency, che-
motherapeutic drugs, radiation, acute ethanol intoxication, or
viral infection. If a quantitative abnormality exists and treatment
is indicated either due to symptoms or the need for an invasive
procedure, platelet transfusion is utilized. The etiologies of both
qualitative and quantitative defects are reviewed in Table 4-1.

Etiology of platelet disorders

A. Quantitative Disorders
1. Failure of production: related to impairment in bone
marrow function
Leukemia
. Myeloproliferative disorders
. B, or folate deficiencies
. Chemotherapy or radiation therapy
. Acute alcohol intoxication
. Viral infections
2. Decreased survival
a. Immune-mediated
1) Idiopathic thrombocytopenia (ITP)
2) Heparin-induced thrombocytopenia
3) Autoimmune disorders or B-cell malignancies
4) Secondary thrombocytopenia
b. Disseminated intravascular coagulation (DIC)
c. Related to platelet thrombi
1) Thrombocytopenic purpura (TTP)
2) Hemolytic uremic syndrome (HS)
3. Sequestration
a. Portal hypertension
b. Sarcoid
c. Lymphoma
d. Gaucher’s Disease
B. Qualitative Disorders
1. Massive transfusion
2. Therapeutic platelet inhibitors
3. Disease states
a. Myeloproliferative disorders
b. Monoclonal gammopathies
c. Liver disease

-0 Qa0 o

Quantitative Defects. Shortened platelet survival is seen in
immune thrombocytopenia, disseminated intravascular coagu-
lation, or disorders characterized by platelet thrombi such as
thrombotic thrombocytopenic purpura and hemolytic uremic
syndrome. Immune thrombocytopenia may be idiopathic or
associated with other autoimmune disorders or low-grade B-cell
malignancies, and it may also be secondary to viral infections
(including HIV) or drugs. Secondary immune thrombocytopenia
often presents with a very low platelet count, petechiae and pur-
pura, and epistaxis. Large platelets are seen on peripheral smear.
Initial treatment consists of corticosteroids, intravenous gamma
globulin, or anti-D immunoglobulin in patients who are Rh posi-
tive. Both gamma globulin and anti-D immunoglobulin are rapid
in onset. Platelet transfusions are not usually needed unless cen-
tral nervous system bleeding or active bleeding from other sites
occurs. Survival of the transfused platelets is usually short.
Primary immune thrombocytopenia is also known as
idiopathic thrombocytopenic purpura (ITP). In children, it is
usually acute in onset, short lived, and typically follows a viral
illness. In contrast, ITP in adults is gradual in onset, chronic
in nature, and has no identifiable cause. Because the circulat-
ing platelets in ITP are young and functional, bleeding is less
for a given platelet count than when there is failure of platelet
production. The pathophysiology of ITP is believed to involve
both impaired platelet production and T cell-mediated plate-
let destruction.!® Management options are summarized in
Table 4-2."! Treatment of drug-induced immune thrombocyto-
penia may simply entail withdrawal of the offending drug, but
corticosteroids, gamma globulin, and anti-D immunoglobulin
may hasten recovery of the count. Heparin-induced thrombo-
cytopenia (HIT) is a form of drug-induced immune thrombo-
cytopenia. It is an immunologic event during which antibodies
against platelet factor 4 (PF4) formed during exposure to hep-
arin affect platelet activation and endothelial function with
resultant thrombocytopenia and intravascular thrombosis.'?
The platelet count typically begins to fall 5 to 7 days after

Table 4-2

Management of idiopathic thrombocytopenic purpura
(ITP) in adults

First Line
a. Corticosteroids: The majority of patients respond but
only a few long term
b. Intravenous immunoglobulin (IVIG) or anti-D
immunoglobulin: indicated for clinical bleeding

Second Line. Required in most patients

a. Splenectomy: open or laparoscopic. Criteria include
severe thrombocytopenia, high risk of bleeding, and
continued need for steroids. Failure may be due to
retained accessory splenic tissue.

b. Rituximab, an anti-CD 20 monoclonal antibody

c. Thrombopoietin (TPO) receptor agonists such as
romiplostim and eltrombopag

Third Line. To be used after failure of splenectomy and
rituximab
a. TPO receptor agonists
b. Immunosuppressive agents. For failure of TPO receptor
agonists




heparin has been started, but if it is a re-exposure, the decrease
in count may occur within 1 to 2 days. HIT should be suspected
if the platelet count falls to less than 100,000 or if it drops by
50% from baseline in a patient receiving heparin. While HIT
is more common with full-dose unfractionated heparin (1%-—
3%), it can also occur with prophylactic doses or with low
molecular weight heparins. Interestingly, approximately 17%
of patients receiving unfractionated heparin and 8% receiving
low molecular weight heparin develop antibodies against PF4,
yet a much smaller percentage develop thrombocytopenia and
even fewer develop clinical HIT." In addition to the mild to
moderate thrombocytopenia, this disorder is characterized by
a high incidence of thrombosis that may be arterial or venous.
Importantly, the absence of thrombocytopenia in these patients
does not preclude the diagnosis of HIT.

The diagnosis of HIT may be made by using either a sero-
tonin release assay (SRA) or an enzyme-linked immunosorbent
assay (ELISA). The SRA is highly specific but not sensitive,
S0 a positive test supports the diagnosis but a negative test does
not exclude HIT."? On the other hand, the ELISA has a low
specificity, so although a positive ELISA confirms the presence
of anti-heparin-PF4, it does not help in the diagnosis of clinical
HIT. A negative ELISA, however, essentially rules out HIT.

The initial treatment of suspected HIT is to stop heparin
and begin an alternative anticoagulant. Stopping heparin with-
out addition of another anticoagulant is not adequate to prevent
thrombosis in this setting. Alternative anticoagulants are pri-
marily thrombin inhibitors. The most recent guideline by the
American College of Chest Physicians recommends lepiru-
din, argatroban, or danaparoid for patients with normal renal
function and argatroban for patients with renal insufficiency.'
Because of warfarin’s early induction of a hypercoagulable
state, warfarin should be instituted only once full anticoagula-
tion with an alternative agent has been accomplished and the
platelet count has begun to recover.

These are also disorders in which thrombocytopenia is a
result of platelet activation and formation of platelet thrombi. In
thrombotic thrombocytopenic purpura (TTP), large vWF mol-
ecules interact with platelets, leading to activation. These large
molecules result from inhibition of a metalloproteinase enzyme,
ADAMLS13, which cleaves the large vVWF molecules.!> TTP is
classically characterized by thrombocytopenia, microangio-
pathic hemolytic anemia, fever, and renal and neurologic signs
or symptoms. The finding of schistocytes on a peripheral blood
smear aids in the diagnosis. Plasma exchange with replacement
of FFP is the treatment for acute TTP.!® Additionally, rituximab,
a monoclonal antibody against the CD20 protein on B lympho-
cytes, has shown promise as an immunomodulatory therapy
directed against patients with acquired TTP, of which the major-
ity are autoimmune mediated.'’

Hemolytic uremic syndrome (HUS) often occurs second-
ary to infection by Escherichia coli 0157:H7 or other Shiga
toxin-producing bacteria. The metalloproteinase is normal in
these cases. HUS is usually associated with some degree of renal
failure, with many patients requiring renal replacement therapy.
Neurologic symptoms are less frequent. A number of patients
develop features of both TTP and HUS. This may occur with
autoimmune diseases, especially systemic lupus erythematosus
and HIV infection, or in association with certain drugs (such as
ticlopidine, mitomycin C, gemcitabine) or immunosuppressive
agents (such as cyclosporine and tacrolimus). Discontinuation
of the involved drug is the mainstay of therapy. Plasmapheresis

is frequently used, but it is not clear what etiologic factor is
being removed by the pheresis.

Sequestration is another important cause of thrombocyto-
penia and usually involves trapping of platelets in an enlarged
spleen typically related to portal hypertension, sarcoid, lym-
phoma, or Gaucher’s disease. The total body platelet mass is
essentially normal in patients with hypersplenism, but a much
larger fraction of the platelets are in the enlarged spleen. Platelet
survival is mildly decreased. Bleeding is less than anticipated
from the count because sequestered platelets can be mobilized to
some extent and enter the circulation. Platelet transfusion does
not increase the platelet count as much as it would in a normal
person because the transfused platelets are similarly sequestered
in the spleen. Splenectomy is not indicated to correct the throm-
bocytopenia of hypersplenism caused by portal hypertension.

Thrombocytopenia is the most common abnormality of
hemostasis that results in bleeding in the surgical patient. The
patient may have a reduced platelet count as a result of a vari-
ety of disease processes, as discussed earlier. In these circum-
stances, the marrow usually demonstrates a normal or increased
number of megakaryocytes. By contrast, when thrombocytope-
nia occurs in patients with leukemia or uremia and in patients
on cytotoxic therapy, there are generally a reduced number of
megakaryocytes in the marrow. Thrombocytopenia also occurs
in surgical patients as a result of massive blood loss with prod-
uct replacement deficient in platelets. Thrombocytopenia may
also be induced by heparin administration during cardiac and
vascular cases, as in the case of HIT, or may be associated with
thrombotic and hemorrhagic complications. When thrombocy-
topenia is present in a patient for whom an elective operation
is being considered, management is contingent upon the extent
and cause of platelet reduction. A count of greater than 50,000/uL
generally requires no specific therapy.

Early platelet administration has now become part of mas-
sive transfusion protocols.'®!° Platelets are also administered
preoperatively to rapidly increase the platelet count in surgical
patients with underlying thrombocytopenia. One unit of plate-
let concentrate contains approximately 5.5 x 10'° platelets and
would be expected to increase the circulating platelet count by
about 10,000/uL in the average 70-kg person. Fever, infection,
hepatosplenomegaly, and the presence of antiplatelet alloan-
tibodies decrease the effectiveness of platelet transfusions. In
patients refractory to standard platelet transfusion, the use of
human leukocyte antigen (HLA)-compatible platelets coupled
with special processors has proved effective.

Qualitative Platelet Defects. Impaired platelet function often
accompanies thrombocytopenia but may also occur in the pres-
ence of a normal platelet count. The importance of this is obvi-
ous when one considers that 80% of overall strength is related
to platelet function. The life span of platelets ranges from 7 to
10 days, placing them at increased risk for impairment by medi-
cal disorders and prescription and over-the-counter medications.

Impairment of ADP-stimulated aggregation occurs with
1 massive transfusion of blood products. Uremia may be
associated with increased bleeding time and impaired aggrega-
tion. Defective aggregation and platelet dysfunction are also
seen in patients with thrombocythemia, polycythemia vera, and
myelofibrosis.

Drugs that interfere with platelet function include aspirin,
clopidogrel, prasugrel, dipyridamole, and GP IIb/Illa inhibi-
tors. Aspirin, clopidogrel, and prasugrel all irreversibly inhibit

91

NOISNASNVYL ANV ‘9NIQ3II19 TVIIDYUNS ‘SISVISOWIH



92

SNOILYY3IAISNOI JISv4

platelet function. Clopidogrel and prasugrel do so through selec-
tive irreversible inhibition of ADP-induced platelet aggrega-
tion.?® Aspirin works through irreversible acetylation of platelet
prostaglandin synthase.

There are no prospective randomized trials in general sur-
gical patients to guide the timing of surgery in patients on aspi-
rin, clopidogrel, or prasugrel.?! The general recommendation is
that approximately 5 to 7 days should pass from the time the
drug is stopped until an elective procedure is performed.** Tim-
ing of urgent and emergent surgeries is even more unclear. Pre-
operative platelet transfusions may be beneficial, but there are
no good data to guide their administration. However, new func-
tional tests are becoming available that may better demonstrate
defects in platelet function and may serve to guide the timing
of operation or when platelet transfusions might be indicated.

Other disorders associated with abnormal platelet func-
tion include uremia, myeloproliferative disorders, monoclonal
gammopathies, and liver disease. In the surgical patient, plate-
let dysfunction of uremia can often be corrected by dialysis or
the administration of DDAVP. Platelet transfusion may not be
helpful if the patient is uremic when the platelets are given and
only serve to increase antibodies. Platelet dysfunction in myelo-
proliferative disorders is intrinsic to the platelets and usually
improves if the platelet count can be reduced to normal with
chemotherapy. If possible, surgery should be delayed until the
count has been decreased. These patients are at risk for both
bleeding and thrombosis. Platelet dysfunction in patients with
monoclonal gammopathies is a result of interaction of the mono-
clonal protein with platelets. Treatment with chemotherapy or,
occasionally, plasmapheresis to lower the amount of monoclo-
nal protein improves hemostasis.

Acquired Hypofibrinogenemia

Disseminated Intravascular Coagulation (DIC). DIC is
an acquired syndrome characterized by systemic activation of
coagulation pathways that result in excessive thrombin genera-
tion and the diffuse formation of microthrombi. This disturbance
ultimately leads to consumption and depletion of platelets and
coagulation factors with the resultant classic picture of diffuse
bleeding. Fibrin thrombi developing in the microcirculation may
cause microvascular ischemia and subsequent end-organ failure
if severe. There are many different conditions that predispose
a patient to DIC, and the presence of an underlying condition
is required for the diagnosis. For example, injuries resulting in
embolization of materials such as brain matter, bone marrow, or
amniotic fluid can act as potent thromboplastins that activate the
DIC cascade.”® Additional etiologies include malignancy, organ
injury (such as severe pancreatitis), liver failure, certain vascu-
lar abnormalities (such as large aneurysms), snake bites, illicit
drugs, transfusion reactions, transplant rejection, and sepsis.>* In
fact, DIC frequently accompanies sepsis and may be associated
with multiple organ failure. As of yet, scoring systems for organ
failure do not routinely incorporate DIC. The important interplay
between sepsis and coagulation abnormalities was demonstrated
by Dhainaut et al who showed that activated protein C was effec-
tive in septic patients with DIC.» The diagnosis of DIC is made
based on an inciting etiology with associated thrombocytopenia,
prolongation of the prothrombin time, a low fibrinogen level, and
elevated fibrin markers (FDPs, D-dimer, soluble fibrin mono-
mers). A scoring system developed by the International Society
for Thrombosis and Hemostasis has been shown to have high
sensitivity and specificity for diagnosing DIC as well as a strong

correlation between an increasing DIC score and mortality, espe-
cially in patients with infections.?

The most important facets of treatment are relieving the
patient’s causative primary medical or surgical problem and
maintaining adequate perfusion. If there is active bleeding,
hemostatic factors should be replaced with FFP, which is usu-
ally sufficient to correct the hypofibrinogenemia, although
cryoprecipitate, fibrinogen concentrates, or platelet concentrates
may also be needed. Given the formation of microthrombi
in DIC, heparin therapy has also been proposed. Most stud-
ies, however, have shown that heparin is not helpful in acute
forms of DIC, but may be indicated in cases where thrombosis
predominates, such as arterial or venous thromboembolism and
severe purpura fulminans.

Primary Fibrinolysis. An acquired hypofibrinogenic state in
the surgical patient can be a result of pathologic fibrinolysis.
This may occur in patients following prostate resection when
urokinase is released during surgical manipulation of the pros-
tate or in patients undergoing extracorporeal bypass. The sever-
ity of fibrinolytic bleeding is dependent on the concentration of
breakdown products in the circulation. Antifibrinolytic agents,
such as e-aminocaproic acid and tranexamic acid, interfere with
fibrinolysis by inhibiting plasminogen activation.

Myeloproliferative Diseases

Polycythemia, or an excess of red blood cells, places surgical
patients at risk. Spontaneous thrombosis is a complication of
polycythemia vera, a myeloproliferative neoplasm, and can be
explained in part by increased blood viscosity, increased plate-
let count, and an increased tendency toward stasis. Paradoxi-
cally, a significant tendency toward spontaneous hemorrhage
also is noted in these patients. Thrombocytosis can be reduced
by the administration of low-dose aspirin, phlebotomy, and
hydroxyurea.?”

Coagulopathy of Liver Disease

The liver plays a key role in hemostasis because it is responsible
for the synthesis of many of the coagulation factors (Table 4-3).
Patients with liver disease, therefore, have decreased production
of several key non-endothelial cell-derived coagulation factors
as well as natural anticoagulant proteins, causing a disturbance
in the balance between procoagulant and anticoagulant path-
ways. This disturbance in coagulation mechanisms causes a
complex paradigm of both increased bleeding risk and increased
thrombotic risk. The most common coagulation abnormalities

Coagulation factors synthesized by the liver

Vitamin K—dependent factors: II (prothrombin factor), VII,
IX, X

Fibrinogen

Factor V

Factor VIII

Factors XI, XII, XIII
Antithrombin IIT

Plasminogen

Protein C and protein S




associated with liver dysfunction are thrombocytopenia and
impaired humoral coagulation function manifested as prolonga-
tion of the prothrombin time and international normalized ratio
(INR). The etiology of thrombocytopenia in patients with liver
disease is typically related to hypersplenism, reduced produc-
tion of thrombopoietin, and immune-mediated destruction of
platelets. The total body platelet mass is often normal in patients
with hypersplenism, but a much larger fraction of the platelets
is sequestered in the enlarged spleen. Bleeding may be less than
anticipated because sequestered platelets can be mobilized to
some extent and enter the circulation. Thrombopoietin, the pri-
mary stimulus for thrombopoiesis, may be responsible for some
cases of thrombocytopenia in cirrhotic patients, although its role
is not well delineated. Finally, immune-mediated thrombocyto-
penia may also occur in cirrhotics, especially those with hepatitis
C and primary biliary cirrhosis.?® In addition to thrombocytope-
nia, these patients also exhibit platelet dysfunction via defective
interactions between platelets and the endothelium, and possibly
due to uremia and changes in endothelial function in the setting
of concomitant renal insufficiency. Hypocoagulopathy is fur-
ther exacerbated with low platelet counts because platelets help
facilitate thrombin generation by assembling coagulation factors
on their surfaces. In conditions mimicking intravascular flow,
low hematocrit and low platelet counts contributed to decreased
adhesion of platelets to endothelial cells, although increased
vWF, a common finding in cirrhotic patients, may offset this
change in patients with cirrhosis.? Hypercoagulability of liver
disease has recently gained increased attention, with more evi-
dence demonstrating the increased incidence of thromboem-
bolism despite thrombocytopenia and a hypocoagulable state
on conventional blood tests.?*3! This is attributed to decreased
production of liver-synthesized proteins C and S, antithrombin,
and plasminogen levels, as well as elevated levels of endothe-
lial-derived vWF and factor VIII, a potent driver of thrombin
generation.*>** Given the concomitant hypo- and hypercoagu-
lable features seen in patients with liver disease, conventional
coagulation tests may be difficult to interpret, and alternative
tests such as thromboelastography (TEG) may be more informa-
tive of the functional status of clot formation and stability in cir-
rhotic patients. Several studies imply that TEG provides a better
assessment of bleeding risk than standard tests of hemostasis in
patients with liver disease; however, no studies have directly
tested this, and future prospective trials are needed.**

Before instituting any therapy to ameliorate thrombocyto-
penia, the actual need for correction should be strongly consid-
ered. In general, correction based solely on a low platelet count
should be discouraged. Most often, treatment should be with-
held for invasive procedures and surgery. Platelet transfusions
are the mainstay of therapy; however, the effect typically lasts
only several hours. Risks associated with transfusions in gen-
eral and the development of antiplatelet antibodies in a patient
population likely to need recurrent correction should be consid-
ered. A potential alternative strategy involves administration of
interleukin-11 (IL-11), a cytokine that stimulates proliferation
of hematopoietic stem cells and megakaryocyte progenitors.?
Most studies using IL-11 have been in cancer patients, although
some evidence exists that it may be beneficial in cirrhotics as
well. Significant side effects limit its usefulness.®> A less
well-accepted option is splenectomy or splenic embolization to
reduce hypersplenism. In addition to the risks associated with
these techniques, reduced splenic blood flow can reduce portal
vein flow with subsequent portal vein thrombosis. Results are

mixed following insertion of a transjugular intrahepatic porto-
systemic shunt (TIPS). Therefore, treatment of thrombocytope-
nia should not be the primary indication for a TIPS procedure.

Decreased production or increased destruction of coagula-
tion factors as well as vitamin K deficiency can all contribute
to a prolonged PT and INR in patients with liver disease. As
liver dysfunction worsens, so does the liver’s synthetic func-
tion, which results in decreased production of coagulation fac-
tors. Additionally, laboratory abnormalities may mimic those of
DIC. Elevated D-dimers have been reported to increase the risk
of variceal bleeding. The absorption of vitamin K is dependent
on bile production. Therefore, liver patients with impaired bile
production and cholestatic disease may be at risk for vitamin K
deficiency.

Similar to thrombocytopenia, correction of coagulopathy
should be reserved for treatment of active bleeding and prophy-
laxis for invasive procedures and surgery. Treatment of coagu-
lopathy caused by liver disease is usually done with FFP, but
because the coagulopathy is usually not a result of decreased
levels of factor V, complete correction is not usually possible.
If the fibrinogen is less than 200 mg/dL, administration of cryo-
precipitate may be helpful. Cryoprecipitate is also a source of
factor VIII for the rare patient with a low factor VIII level.

Coagulopathy of Trauma
Traditional teaching regarding trauma-related coagulopathy
attributed its development to acidosis, hypothermia, and dilution
of coagulation factors. Recent data, however, have shown that
over one third of injured patients have evidence of coagulopa-
thy at the time of admission.*® More importantly, patients
2 arriving with coagulopathy are at a significantly higher
risk of mortality, especially in the first 24 hours after injury. In
light of these findings, a dramatic increase in research focused
on the optimal management of the acute coagulopathy of trauma
(ACOT) has been observed over the past several years. ACoT
is not a simple dilutional coagulopathy but a complex problem
with multiple mechanisms.?” Whereas multiple contributing fac-
tors exist, the key initiators to the process of ACoT are shock
and tissue injury. ACoT is a separate and distinct process from
DIC, with its own specific components of hemostatic failure.
Brohi et al have demonstrated that only patients in shock arrive
coagulopathic and that it is the shock that induces coagulopathy
through systemic activation of anticoagulant and fibrinolytic
pathways.*® As shown in Fig. 4-5, hypoperfusion causes activa-
tion of TM on the surface of endothelial cells. Thrombin-TM
complexes induce an anticoagulant state through activation of
protein C and enhancement of fibrinolysis. This same complex
also limits the availability of thrombin to cleave fibrinogen to
fibrin, which may explain why injured patients rarely have low
levels of fibrinogen.

Acquired Coagulation Inhibitors

Among the most common acquired coagulation inhibitors is the
antiphospholipid syndrome (APLS), which includes the lupus
anticoagulant and anticardiolipin antibodies. These antibodies
may be associated with either venous or arterial thrombosis,
or both. In fact, patients presenting with recurrent thrombosis
should be evaluated for APLS. Antiphospholipid antibodies are
very common in patients with systemic lupus but may also be
seen in association with rheumatoid arthritis and Sjogren’s syn-
drome. There are also individuals who will have no autoimmune
disorders but develop transient antibodies in response to infections
or those who develop drug-induced APLS. The hallmark of
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Central role of thrombomodulin in
acute traumatic coagulopathy (ATC)

Maintains
fibrinogen
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of Consumption
protein C
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Figure 4-5. Illustration of the pathophysiologic mechanism
responsible for the acute coagulopathy of trauma. PAI-1 = plas-
minogen activator inhibitor 1; TAFI = thrombin-activatable fibri-
nolysis inhibitor.

APLS is a prolonged aPTT in vitro but an increased risk of
thrombosis in vivo.

Anticoagulation and Bleeding
Spontaneous bleeding can be a complication of any antico-
agulant therapy whether it is heparin, low molecular weight
heparins, warfarin, factor Xa inhibitors, or new direct thrombin
inhibitors. The risk of spontaneous bleeding related to heparin
is reduced with a continuous infusion technique. Therapeutic
anticoagulation is more reliably achieved with a low molecu-
lar weight heparin. However, laboratory testing is more chal-
lenging with these medications, as they are not detected with
conventional coagulation testing. However, their more reliable
therapeutic levels (compared to heparin) make them an attrac-
tive option for outpatient anticoagulation and more cost-effec-
tive for the inpatient setting. If monitoring is required (e.g., in
the presence of renal insufficiency or severe obesity), the drug
effect should be determined with an assay for anti-Xa activity.

Warfarin is used for long-term anticoagulation in various
clinical conditions including deep vein thrombosis, pulmonary
embolism, valvular heart disease, atrial fibrillation, recurrent
systemic emboli, recurrent myocardial infarction, prosthetic
heart valves, and prosthetic implants. Due to the interaction
of the P450 system, the anticoagulant effect of the warfarin
is reduced (e.g., increases dose required) in patients receiv-
ing barbiturates as well as in patients with diets low in vita-
min K. Increased warfarin requirements may also be needed
in patients taking contraceptives or estrogen-containing com-
pounds, corticosteroids, and adrenocorticotropic hormone
(ACTH). Medications that can alter warfarin requirements are
shown in Table 4-4.

Although warfarin use is often associated with a significant
increase in morbidity and mortality in acutely injured and emer-
gency surgery patients, with rapid reversal, these complications

Table 4-4

Medications that can alter warfarin dosing

| warfarin effect Barbiturates, oral contraceptives,

T warfarin requirements | estrogen-containing compounds,
corticosteroids, adrenocorticotropic
hormone

T warfarin effect Phenylbutazone, clofibrate,

d warfarin requirements | anabolic steroids, L-thyroxine,
glucagons, amiodarone, quinidine,
cephalosporins

can be dramatically reduced. There are several reversal options
that include vitamin K administration, plasma, cryoprecipitate,
recombinant factor VIla, and factor concentrates. Urgent rever-
sal for life-threatening bleeding should include vitamin K and
a rapid reversal agent such as plasma or prothrombin complex
concentrate. In the elderly or those with intracranial hemor-
rhage, concentrates are preferred, whereas in situations with
hypovolemia from hemorrhage, plasma should be used.

Newer anticoagulants like dabigatran and rivaroxaban
have no readily available method of detection of the degree of

anticoagulation. More concerning is the absence of any
3> available reversal agent. Unlike warfarin, the nonrevers-
ible coagulopathy associated with dabigatran and rivaroxaban
is of great concern to those providing emergent care to these
patients.*

The only possible strategy to reverse the coagulopathy
associated with dabigatran may be emergent dialysis. Unfor-
tunately, the ability to rapidly dialyze the hemodynamically
unstable bleeding patient or rapidly dialyze the anticoagulated
patient with an intracranial bleed is challenging even at large
medical centers. Recent data suggest that rivaroxaban, however,
may be reversed with the use of prothrombin complex concen-
trates (four-factor concentrates only: II, VII, IX, and X).* In
less urgent states, these drugs can be held for 36 to 48 hours
prior to surgery without increased risk of bleeding in those with
normal renal function. Alternatively, activated clotting time
(stand alone or with rapid TEG) or ecarin clotting time can be
obtained in those on dabigatran, and anti-factor Xa assays can
be obtained in those taking rivaroxaban.

Bleeding complications in patients on anticoagulants
include hematuria, soft tissue bleeding, intracerebral bleeding,
skin necrosis, and abdominal bleeding. Bleeding secondary to
anticoagulation therapy is also not an uncommon cause of a
rectus sheath hematomas. In most of these cases, reversal of
anticoagulation is the only treatment that is necessary. Lastly, it
is important to remember that symptoms of an underlying tumor
may first present with bleeding while on anticoagulation.

Surgical intervention may prove necessary in patients
receiving anticoagulation therapy. Increasing experience suggests
that surgical treatment can be undertaken without full reversal of
the anticoagulant, depending on the procedure being performed.*!
When the aPTT is less than 1.3 times control in a heparinized
patient or when the INR is less than 1.5 in a patient on warfarin,
reversal of anticoagulation therapy may not be necessary. How-
ever, meticulous surgical technique is mandatory, and the patient
must be observed closely throughout the postoperative period.

Certain surgical procedures should not be performed in
concert with anticoagulation. In particular, cases where even



minor bleeding can cause great morbidity, such as the central
nervous system and the eye, surgery should be avoided. Emergency
operations are occasionally necessary in patients who have been
heparinized. The first step in these patients is to discontinue
heparin. For more rapid reversal, protamine sulfate is effective.
However, significant adverse reactions, especially in patients
with severe fish allergies, may be encountered when administer-
ing protamine.*> Symptoms include hypotension, flushing, bra-
dycardia, nausea, and vomiting. Prolongation of the aPTT after
heparin neutralization with protamine may also be a result of the
anticoagulant effect of protamine. In the elective surgical patient
who is receiving coumarin-derivative therapy sufficient to effect
anticoagulation, the drug can be discontinued several days before
operation and the prothrombin concentration then checked (a
level >50% is considered safe).* Rapid reversal of anticoagula-
tion can be accomplished with plasma or prothrombin complex
concentrates in the emergent situation. Parenteral administration
of vitamin K also is indicated in elective surgical treatment of
patients with biliary obstruction or malabsorption who may be
vitamin K deficient. However, if low levels of factors II, VII, IX,
and X (vitamin K—dependent factors) exist as a result of hepa-
tocellular dysfunction, vitamin K administration is ineffective.

The perioperative management of patients receiving long-
term oral anticoagulation therapy is an increasingly common

problem. Definitive evidence-based guidelines regarding
4’ which patients require perioperative “bridging” anticoagu-
lation and the most effective way to bridge are lacking. However,
the American College of Chest Physicians Evidence-Based Clin-
ical Practice Guidelines do serve as best practice for these situa-
tions.* A few clinical scenarios exist where the patient should be
transitioned to intravenous heparin from oral anticoagulants. A
heparin infusion should be held for 4 to 6 hours before the proce-
dure and restarted within 12 to 24 hours of the end of its comple-
tion. The primary indication for this level of aggressiveness is
patients with mechanical heart valves. Other indications include
a recent (within 30 days) myocardial infarction, stroke, or pul-
monary embolism. Situations such as thromboembolic events
greater than 30 days prior, hypercoagulable history, and atrial
fibrillation do not require such stringent restarting strategies.
Cardiopulmonary Bypass. Under normal conditions, homeo-
stasis of the coagulation system is maintained by complex inter-
actions between the endothelium, platelets, and coagulation
factors. In patients undergoing cardiopulmonary bypass (CPB),
contact with circuit tubing and membranes results in abnormal
platelet and clotting factor activation, as well as activation of
inflammatory cascades, that ultimately result in excessive fibri-
nolysis and a combination of both quantitative and qualitative
platelet defects. Platelets undergo reversible alterations in mor-
phology and their ability to aggregate, which causes sequestra-
tion in the filter, partially degranulated platelets, and platelet
fragments. This multifactorial coagulopathy is compounded by
the effects of shear stress in the system, induced hypothermia,
hemodilution, and anticoagulation.*

While on pump, activated clotting time measurements are
obtained along with blood gas measurements; however, con-
ventional coagulation assays and platelet counts are not nor-
mally performed until rewarming and after a standard dose of
protamine has been given. TEG may give a better estimate of
the extent of coagulopathy and may also be used to anticipate
transfusion requirements if bleeding is present.*

Empiric treatment with FFP and cryoprecipitate is often
used for bleeding patients; however, there are no universally

accepted transfusion thresholds. Platelet concentrates are given
for bleeding patients in the immediate postoperative period;
however, studies have shown that indiscriminate platelet ther-
apy conferred no therapeutic advantage.* It is in these patients
where rapid coagulation testing is required to assist with directed
transfusion therapy.*” Many institutions now use antifibrinolyt-
ics, such as e-aminocaproic acid and tranexamic acid, at the time
of anesthesia induction after several studies have shown that
such treatment reduced postoperative bleeding and reoperation.
Aprotinin, a protease inhibitor that acts as an antifibrinolytic
agent, has been shown to reduce transfusion requirements asso-
ciated with cardiac surgery.*® Desmopressin acetate stimulates
release of factor VIII from endothelial cells and may also be
effective in reducing blood loss during cardiac surgery. The use
of recombinant factor VIla has also been studied but with con-
flicting results between improved hemostasis and thrombotic
events and mortality, and thus its use is often employed only as
a measure of last resort.*34°

Local Hemostasis. Significant surgical bleeding is usually
caused by ineffective local hemostasis. The goal is therefore
to prevent further blood loss from a disrupted vessel that has
been incised or transected. Hemostasis may be accomplished by
interrupting the flow of blood to the involved area or by direct
closure of the blood vessel wall defect.

Mechanical Procedures. The oldest mechanical method of
bleeding cessation is application of direct digital pressure, either
at the site of bleeding or proximally to permit more definitive
action. An extremity tourniquet that occludes a major vessel
proximal to the bleeding site or the Pringle maneuver for liver
bleeding are good examples. Direct digital pressure is very
effective and has the advantage of being less traumatic than
hemostatic or even “atraumatic” clamps.

When a small vessel is transected, a simple ligature is usu-
ally sufficient. However, for larger pulsating arteries, a transfix-
ion suture to prevent slipping is indicated. All sutures represent
foreign material, and selection should be based on their intrinsic
characteristics and the state of the wound. Direct pressure applied
by “packing” a wound with gauze or laparotomy pads affords
the best method of controlling diffuse bleeding from large areas,
such as in the trauma situation. Packing bone wax on the raw
surface to effect pressure can control bleeding from cut bone.

Thermal Agents. Heat achieves hemostasis by denaturation of
protein that results in coagulation of large areas of tissue. Elec-
trocautery generates heat by induction from an alternating cur-
rent source, which is then transmitted via conduction from the
instrument directly to the tissue. The amplitude setting should
be high enough to produce prompt coagulation, but not so high
as to set up an arc between the tissue and the cautery tip. This
avoids thermal injury outside of the operative field and also pre-
vents exit of current through electrocardiographic leads, other
monitoring devices, or permanent pacemakers or defibrillators.
A negative grounding plate should be placed beneath the patient
to avoid severe skin burns, and caution should be used with cer-
tain anesthetic agents (diethyl ether, divinyl ether, ethyl chloride,
ethylene, and cyclopropane) because of the hazard of explosion.

A direct current also can result in hemostasis. Because the
protein moieties and cellular elements of blood have a nega-
tive surface charge, they are attracted to a positive pole where a
thrombus is formed. Direct currents in the 20- to 100-mA range
have successfully controlled diffuse bleeding from raw surfaces,
as has argon gas.
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Topical Hemostatic Agents. Topical hemostatic agents can
play an important role in helping to facilitate surgical hemo-
stasis. These agents are classified based on their mechanism
of action, and many act at specific stages in the coagulation
cascade and take advantage of natural physiologic responses to
bleeding.>® The ideal topical hemostatic agent has significant
hemostatic action, minimal tissue reactivity, nonantigenicity, in
vivo biodegradability, ease of sterilization, low cost, and can be
tailored to specific needs.!

In 2010, Achneck et al published a comprehensive over-
view of absorbable, biologic, and synthetic agents.’> Absorb-
able agents include gelatin foams (Gelfoam), oxidized cellulose
(Surgicel), and microfibrillar collagens (Avitene). Both gelatin
foam and oxidized cellulose provide a physical matrix for clot-
ting initiation, while microfibrillar collagens facilitate plate-
let adherence and activation. Biologic agents include topical
thrombin, fibrin sealants (FloSeal), and platelet sealants (Vita-
gel). Human or recombinant thrombin derivatives, which facili-
tate the formation of fibrin clots and subsequent activation of
several clotting factors, take advantage of natural physiologic
processes, thereby avoiding foreign body or inflammatory
reactions.”’ Caution must be taken in judging vessel caliber in
the wound because thrombin entry into larger caliber vessels
can result in systemic exposure to thrombin with a risk of dis-
seminated intravascular clotting or death. They are particularly
effective in controlling capillary bed bleeding when pressure or
ligation is insufficient; however, the bovine derivatives should
be used with caution due to the potential immunologic response
and worsened coagulopathy. Fibrin sealants are prepared from
cryoprecipitate (homologous or synthetic) and have the advan-
tage of not promoting inflammation or tissue necrosis.> Platelet
sealants are a mixture of collagen and thrombin combined with
plasma-derived fibrinogen and platelets from the patient, which
requires the additional need for centrifugation and processing.

Topical agents are not a substitute for meticulous surgical
technique and only function as adjuncts to help facilitate surgi-
cal hemostasis. The advantages and disadvantages of each agent
must be considered, and use should be limited to the minimum
amount necessary to minimize toxicity, adverse reactions, inter-
ference with wound healing, and procedural costs.

TRANSFUSION
Background

Human blood replacement therapy was accepted in the late nine-
teenth century. This was followed by the introduction of blood
grouping by Landsteiner who identified the major A, B, and
O groups in 1900, resulting in widespread use of blood prod-
ucts in World War I. Levine and Stetson in 1939 followed with
the concept of Rh grouping. These breakthroughs established
the foundation from which the field of transfusion medicine has
grown. Whole blood was considered the standard in transfu-
sion until the late 1970s when component therapy began to take
prominence. This change in practice was made possible by the
development of improved collection strategies, infectious dis-
ease testing, and advances in preservative solutions and storage.

Replacement Therapy

Typing and Cross-Matching. Serologic compatibility for A,
B, O, and Rh groups is established routinely. Cross-matching
between the donors’ red blood cells and the recipients’ sera (the
major cross-match) is performed. Rh-negative recipients should

be transfused only with Rh-negative blood. However, this group
represents only 15% of the population. Therefore, the adminis-
tration of Rh-positive blood is acceptable if Rh-negative blood
is not available. However, Rh-positive blood should not be
transfused to Rh-negative females who are of child-bearing age.

In emergency situations, type O-negative blood may be
transfused to all recipients. O-negative and type-specific red
blood cells are equally safe for emergency transfusion. Prob-
lems are associated with the administration of four or more
units of O-negative blood because there is a significant increase
in the risk of hemolysis. In patients with clinically significant
cold agglutinins, blood should be administered through a blood
warmer. If these antibodies are present in high titer, hypother-
mia is contraindicated.

In patients who have been multiply transfused and who
have developed alloantibodies or who have autoimmune hemo-
lytic anemia with pan-red blood cell antibodies, typing and
cross-matching is often difficult, and sufficient time should
be allotted preoperatively to accumulate blood that might be
required during the operation. Cross-matching should always
be performed before the administration of dextran because it
interferes with the typing procedure.

The use of autologous transfusion is growing. Up to 5 units
can be collected for subsequent use during elective procedures.
Patients can donate and store their own blood if their hemoglo-
bin concentration exceeds 11 g/dL or if the hematocrit is greater
than 34%. The first procurement is performed 40 days before
the planned operation, and the last one is performed 3 days
before the operation. Donations can be scheduled at intervals
of 3 to 4 days. Recombinant human erythropoietin (rHuEPO)
accelerates generation of red blood cells and allows for more
frequent harvesting of blood.

Banked Whole Blood. Once the gold standard, whole
blood is rarely available in Western countries. With sequen-
tial changes in storage solutions, the shelf life of red blood
cells is now 42 days. Recent evidence has demonstrated that
the age of red cells may play a significant role in the inflam-
matory response and incidence of multiple organ failure.** The
changes in the red blood cells that occur during storage include
reduction of intracellular ADP and 2,3-diphosphoglycerate (2,3-
DPG), which alters the oxygen dissociation curve of hemoglo-
bin, resulting in a decrease in oxygen transport. Stored RBCs
progressively becomes acidodic with elevated levels of lactate,
potassium, and ammonia.

Red Blood Cells and Frozen Red Blood Cells. Red blood
cells are the product of choice for most clinical situations requir-
ing resuscitation. Concentrated suspensions of red blood cells
can be prepared by removing most of the supernatant plasma
after centrifugation. The preparation reduces but does not elimi-
nate reactions caused by plasma components. Frozen red blood
cells are not currently available for use in emergencies, as the
thawing and preparation time is measured in hours. They are
used for patients who are known to have been previously sensi-
tized. The red blood cell viability is improved, and the ATP and
2,3-DPG concentrations are maintained.

Leukocyte-Reduced and Leukocyte-Reduced/Washed Red
Blood Cells. These products are prepared by filtration that
removes about 99.9% of the white blood cells and most of the
platelets (leukocyte-reduced red blood cells) and, if necessary,
by additional saline washing (leukocyte-reduced/washed red
blood cells). Leukocyte reduction prevents almost all febrile,



nonhemolytic transfusion reactions (fever and/or rigors), allo-
immunization to HLA class I antigens, and platelet transfusion
refractoriness and cytomegalovirus transmission. In most
Western nations, it is the standard red blood cell transfusion
product. Supporters of universal leukocyte reduction argue that
allogenic transfusion of white cells predisposes to postoperative
bacterial infection and multiorgan failure. Reviews of random-
ized trials and meta-analyses have not provided convincing evi-
dence either way,>>>¢ although a large Canadian retrospective
study suggests a decrease in mortality and infections.>’

Platelet Concentrates. The indications for platelet transfu-
sion include thrombocytopenia caused by massive blood loss
and replacement with platelet-poor products, thrombocytopenia
caused by inadequate production, and qualitative platelet disor-
ders. The shelf life of platelets is 120 hours from time of donation.
One unit of platelet concentrate has a volume of approximately
50 mL. Platelet preparations are capable of transmitting infectious
diseases and can account for allergic reactions similar to those
caused by red blood cell transfusion. A therapeutic level of plate-
lets is in the range of 50,000 to 100,000/uL but is very dependent
on the clinical situation. Recent evidence suggests that earlier use
of platelets may improve outcomes in bleeding patients.>

In rare cases, in patients who become alloimmunized
through previous transfusion or patients who are refractory from
sensitization through prior pregnancies, HLA-matched platelets
can be used.

Fresh Frozen Plasma. Fresh frozen plasma (FFP) prepared
from freshly donated blood is the usual source of the vitamin
K-dependent factors and is the only source of factor V. FFP car-
ries similar infectious risks as other component therapies. Use of
plasma as a primary resuscitation modality in patients who are
rapidly bleeding has received attention over the last few years,
and ongoing studies are under way to evaluate this concept. FFP
can be thawed and stored for up to 5 days, greatly increasing
its immediate availability. In an effort to increase the shelf life
and avoid the need for refrigeration, lyophilized plasma is being
tested. Preliminary animal studies suggest that it preserves the
beneficial effects of FFP.%

Concentrates and Recombinant DNA Technology. Techno-
logic advancements have made the majority of clotting factors
and albumin readily available as concentrates. These products
are readily available and carry none of the inherent infectious
risks as other component therapies.

Tranexamic Acid. Tranexamic acid (TXA; trade name: Cyk-
lokapron), an antifibrinolytic agent, has been used to decrease
bleeding and the need for blood transfusions in coronary artery
bypass grafting (CABG), orthotopic liver transplantation, hip
and knee arthroplasty, and other surgical settings. The safety
and efficacy of using TXA to treat trauma patients was recently
evaluated in a large randomized, placebo-controlled clinical
trial.®® In this trial, 20,211 adult trauma patients in 274 hospitals
in 40 countries with significant hemorrhage (heart rate >110
beats per minute and systolic blood pressure <90 mmHg or
both) or judged to be at risk for significant hemorrhage were
randomized to either TXA or placebo administered as a load-
ing dose of 1 g over 10 minutes followed by an infusion of 1 g
over 8 hours. It is important to understand that the responsible
physician did not randomize patients with either a clear indica-
tion or a clear contraindication to TXA. The overall mortality
rate in the cohort studied was 15.3%, of whom 35.3% died on
the day of randomization. A total of 1063 patients died due to

hemorrhage, and the majority died on the day of randomiza-
tion. The authors reported that TXA use resulted in a statisti-
cally significant reduction in the relative risk (RR) of all-cause
mortality of 9% (14.5 vs. 16.0%, RR 0.91, confidence interval
[CI] 0.85-0.97; P = .0035). A recent post hoc analysis of the
CRASH-2 data showed that the greatest benefit of TXA admin-
istration occurred when patients received the medication soon
after injury.®' In this analysis, TXA given between 1 and 3 hours
after trauma reduced the risk of death due to bleeding by 21%
(147/3037 [4.8%] vs. 184/2996 [6.1%], RR 0.79, CI 0.64-0.97;
P = .03). Treatment given after 3 hours increased the risk of
death due to bleeding (144/3272 [4.4%] vs. 103/3362 [3.1%],
RR 1.44, CI 1.12-1.84; P = .004). Finally, a recent meta-analysis
reported that TXA is effective for preventing blood loss in
surgery and reducing transfusion and was not associated with
increased vascular occlusive events.®

Adverse events associated with TXA use have been
reported. These include acute gastrointestinal disturbances
(nausea, vomiting, and diarrhea, generally dose-related), visual
disturbances (blurry vision and changes in color perception,
especially with prolonged use), and occasional thromboem-
bolic events (e.g., deep venous thrombosis and pulmonary
embolism, generally observed in the setting of active intravas-
cular clotting). Its use is thus contraindicated in the settings of
acquired defective color vision and active intravascular clot-
ting. TXA should be used with caution in the setting of urinary
tract bleeding because ureteral obstruction due to clotting has
been reported. TXA is contraindicated in patients with aneu-
rysmal subarachnoid hemorrhage; however, there have been
no reported complications associated with intra- or extracranial
hemorrhage associated with trauma. TXA should not be given
with activated prothrombin complex concentrate or factor IX
complex concentrates because these may increase the risk of
thrombosis.

TXA is an antifibrinolytic that inhibits both plasminogen
activation and plasmin activity, thus preventing clot breakdown
rather than promoting new clot formation. TXA is an inhibitor
of plasminogen activation and an inhibitor of plasmin activity.
It occupies the lysine binding sites on plasminogen, thus pre-
venting its binding to lysine residues on fibrin. This reduces
plasminogen activation to plasmin. Similarly, blockade of
lysine-binding sites on circulating plasmin prevents binding
to fibrin and thus prevents clot breakdown. TXA is 10 times
more potent in vitro than aminocaproic acid. At therapeutically
relevant concentrations, TXA does not affect platelet count or
aggregation or coagulation parameters. It is excreted largely
unchanged in urine and has a half-life of about 2 hours in cir-
culation. While prolonged use requires that dosing be adjusted
for renal impairment, use in the acute trauma situation does
not appear to require adjustment. No adjustment is needed
for hepatic impairment. Based on the CRASH-2 trial, TXA is
becoming more widely used in the United States for patients
with ongoing bleeding, especially those with documented evi-
dence of fibrinolysis. Careful analysis of recently ongoing trials
will further elucidate the safety profile of this powerful drug.®

Indications for Replacement of

Blood and Its Elements

Improvement in Oxygen-Carrying Capacity. Oxygen-
carrying capacity is primarily a function of the red blood cells.

Thus, transfusion of red blood cells should augment oxygen-
carrying capacity. Additionally, hemoglobin is fundamental to
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arterial oxygen content and thus oxygen delivery. Despite this
obvious association, there is little evidence that actually sup-
ports the premise that transfusion of red blood cells equates with
enhanced cellular delivery and utilization. The reasons for this
apparent discrepancy are related to changes that occur with stor-
age of blood. The decrease in 2,3-DPG and P50 impair oxygen
offloading, and deformation of the red cells impairs microcir-
culatory perfusion.®

Treatment of Anemia: Transfusion Triggers. A 1988
National Institutes of Health Consensus Report challenged the
dictum that a hemoglobin value of less than 10 g/dL or a hema-
tocrit level less than 30% indicates a need for preoperative red
blood cell transfusion. This was verified in a prospective ran-
domized controlled trial in critically ill patients that compared
a restrictive transfusion threshold to a more liberal strategy and
demonstrated that maintaining hemoglobin levels between 7 and
9 g/dL had no adverse effect on mortality. In fact, patients with
APACHE II scores of <20 or patients age <55 years actually had
a lower mortality.®

Despite these results, change in daily clinical practice has
been slow. Critically ill patients still frequently receive transfu-
sions, with the pretransfusion hemoglobin approaching 9 g/dL
in a recent large observational study.® This outdated approach
unnecessarily exposes patients to increased risk and little benefit.

One unresolved issue related to transfusion triggers is
the safety of maintaining a hemoglobin of 7 g/dL in a patient
with ischemic heart disease. Data on this subject are mixed, and
many studies have significant design flaws, including their ret-
rospective nature. However, the majority of the published data
favors a restrictive transfusion trigger for patients with non-ST
elevation acute coronary syndrome, with many reporting worse
outcomes in those patients receiving transfusions.®”%8

Volume Replacement
The most common indication for blood transfusion in surgical
patients is the replenishment of the blood volume; however, a
deficit is difficult to evaluate. Measurements of hemoglobin
or hematocrit levels are frequently used to assess blood loss.
These measurements can be occasionally misleading in the face
of acute loss. Both the amount and the rate of bleeding are fac-
tors in the development of signs and symptoms of blood loss.
Loss of blood in the operating room can be roughly evalu-
ated by estimating the amount of blood in the wound and on the
drapes, weighing the sponges, and quantifying blood suctioned
from the operative field. In patients with normal preoperative
values, blood loss up to 20% of total blood volume can be
replaced with crystalloid or colloid solutions. Blood loss above
this value may require the addition of a balanced resuscitation
including red blood cells, FFP, and platelets (detailed later in
this chapter) (Table 4-5).

New Concepts in Resuscitation

Traditional resuscitation algorithms are sequentially based on
crystalloid followed by red blood cells and then plasma and
platelet transfusions and have been in widespread use since the
1970s. No quality clinical data supported this concept. Recently
the damage control resuscitation (DCR) strategy, aimed at halt-
ing and/or preventing rather than treating the lethal triad of
coagulopathy, acidosis, and hypothermia, has challenged tradi-
tional thinking on early resuscitation strategies.®

Rationale. In civilian trauma systems, nearly half of all
deaths happen before a patient reaches the hospital, and many

are nonpreventable.”® Patients who survive to an emergency
center have a high incidence of truncal hemorrhage, and deaths
in this group of patients may be potentially preventable. Trun-
cal hemorrhage patients in shock often present with the early
coagulopathy of trauma in the emergency department and are at
significant risk of dying.”'"”3

Many of these patients have suffered substantial bleeding
and may receive a significant transfusion, generally defined as
the administration of >4 to 6 units of red blood cells within 4 to
6 hours of admission. This definition is admittedly arbitrary.
Although 25% of all trauma admissions receive a unit of blood
early after admission, only a small percentage of patients receive
a massive transfusion. In the military setting, the percentage of
massive transfusion patients almost doubles.”

Damage Control Resuscitation. Standard advanced trauma
life support guidelines start resuscitation with crystalloid, fol-
lowed by packed red blood cells.” Only after several liters of
crystalloid have been transfused does transfusion of units of
plasma or platelets begin. This conventional massive trans-
fusion practice was based on a several small uncontrolled
retrospective studies that used blood products containing
increased amounts of plasma, which are no longer available.”
Because of the known early coagulopathy of trauma, the cur-
rent approach to managing the exsanguinating patient involves

early implementation of damage control resuscitation
5» (DCR). Although most of the attention to hemorrhagic
shock resuscitation has centered on higher ratios of plasma and
platelets, DCR is actually composed of three basic components:
permissive hypotension, minimizing crystalloid-based resusci-
tation, and the immediate release and administration of pre-
defined blood products (red blood cells, plasma, and platelets)
in ratios similar to those of whole blood.

In Iraq and Afghanistan, DCR practices are demonstrating
unprecedented success with improved overall survival.”” Civil-
ian data also suggest that a balanced resuscitation approach
yields improved outcome in severely injured and bleeding
trauma patients.®® To verify military and single-institution civil-
ian data on DCR, a multicenter retrospective study of modern
transfusion practice at 17 leading civilian trauma centers was
performed.” It was found that plasma:platelet:red blood cell
ratios varied from 1:1:1 to 0.3:0.1:1, with corresponding sur-
vival rates ranging from 71% to 41%. A significant center effect
was seen, documenting wide variation in both transfusion prac-
tice and outcomes between Level 1 trauma centers. This varia-
tion correlated with blood product ratios. Increased plasma- and
platelet-to-RBC ratios significantly decreased truncal hem-
orrhagic death and 30-day mortality without a concomitant
increase in multiple organ failure as a cause of death. A prospec-
tive observational study evaluating current transfusion practice
at 10 Level 1 centers was recently published, again documenting
the wide variability in practice and improved outcomes with
earlier use of increased ratios of plasma and platelets.” Patients
receiving ratios less than 1:2 were four times more likely to die
than patients with ratios of 1:1 or higher.

Regardless of the optimal ratio, it is essential that the
trauma center has an established mechanism to deliver these
products quickly and in the correct amounts to these critically
injured patients. In fact, several authors have shown that a
well-developed massive transfusion protocol is associated with
improved outcomes independent of the ratios chosen.®® This
aggressive delivery of predefined blood products should begin
prior to any laboratory-defined anemia or coagulopathy.



Replacement of clotting factors

LIFE SPAN IN VIVO

FATE DURING

LEVEL REQUIRED FOR

IDEAL AGENT ACD BANK

IDEAL AGENT FOR

FACTOR NORMAL LEVEL (HALF-LIFE) COAGULATION | SAFE HEMOSTASIS BLOOD (4°C [39.2°F]) REPLACING DEFICIT
I (fibrinogen) 200-400 mg/100 mL 72 h Consumed 60-100 mg/100 mL Very stable Bank blood; concentrated
fibrinogen

II (prothrombin) 20 mg/100 mL (100% of |72 h Consumed 15%—-20% Stable Bank blood; concentrated
normal level) preparation

V (proaccelerin, accelerator | 100% of normal level 36h Consumed 5%—20% Labile (40% of normal | Fresh frozen plasma; blood

globulin, labile factor) level at 1 wk) under 7 d

VII (proconvertin, serum 100% of normal level 5h Survives 5%-30% Stable Bank blood; concentrated

prothrombin conversion preparation

accelerator, stable factor)

VIII (antihemophilic factor, 100% of normal level 6-12h Consumed 30% Labile (20%—-40% of Fresh frozen plasma;

antihemophilic globulin) (50%—-150% of normal normal level at 1 wk) concentrated antihemophilic
level) factor; cryoprecipitate

IX (Christmas factor, plasma | 100% of normal level 24 h Survives 20%-30% Stable Fresh-frozen plasma; bank

thromboplastin component) blood; concentrated preparation

X (Stuart-Prower factor) 100% of normal level 40 h Survives 15%—-20% Stable Bank blood; concentrated

preparation

XI (plasma thromboplastin 100% of normal level Probably 40-80 h Survives 10% Probably stable Bank blood

antecedent)

XII (Hageman factor) 100% of normal level Unknown Survives Deficit produces no Stable Replacement not required

bleeding tendency

XIII (fibrinase, fibrin- 100% of normal level 4-7d Survives Probably <1% Stable Bank blood

stabilizing factor)

Platelets 150,000-400,000/uL 8-11d Consumed 60,000-100,000/uL Very labile (40% of Fresh blood or plasma; fresh

normal level at 20 h;
0 at 48 h)

platelet concentrate (not frozen
plasma)

ACD = acid-citrate-dextrose.

Source: Reproduced with permission from Salzman EW: Hemorrhagic disorders. In: Kinney JM, Egdahl RH, Zuidema GD, eds. Manual of Preoperative and Postoperative Care. 2nd ed. Philadelphia: WB Saunders;

1971:157. Copyright Elsevier.
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LU Table 4-6

Adult Transfusion Clinical Practice Guideline
A. Initial Transfusion of Red Blood Cells (RBCs):

SNOILYY3IAISNOI JISv4

1.

Notify blood bank immediately of urgent need for RBCs.

O negative uncross-matched (available immediately).

As soon as possible, switch to O negative for females and O positive for males.
Type-specific uncross-matched (available in approximately 5—10 min).
Completely cross-matched (available in approximately 40 min).

. A blood sample must be sent to blood bank for a type and cross.
. The Emergency Release of Blood form must be completed. If the blood type is not known and blood is needed immediately,

O-negative RBCs should be issued.

. RBCs will be transfused in the standard fashion. All patients must be identified (name and number) prior to transfusion.
. Patients who are unstable or receive 1-2 RBCs and do not rapidly respond should be considered candidates for the massive

transfusion (MT) guideline.
B. Adult Massive Transfusion Guideline:

1. The Massive Transfusion Guideline (MTG) should be initiated as soon as it is anticipated that a patient will require massive
transfusion (210 U RBCs in 24 h). The Blood Bank should strive to deliver plasma, platelets, and RBCs in a 1:1:1 ratio. To
be effective and minimize further dilutional coagulopathy, the 1:1:1 ratio must be initiated early, ideally with the first
2 units of transfused RBCs. Crystalloid infusion should be minimized.

2. Once the MTG is activated, the Blood Bank will have 6 RBCs, 6 FFP, and a 6 pack of platelets packed in a cooler available
for rapid transport. If 6 units of thawed FFP are not immediately available, the Blood Bank will issue units that are ready
and notify appropriate personnel when the remainder is thawed. Every attempt should be made to obtain a 1:1:1 ratio of

plasma:platelets:RBCs.

3. Once initiated, the MT will continue until stopped by the attending physician. MT should be terminated once the patient is

no longer actively bleeding.

4. No blood components will be issued without a pickup slip with the recipient’s medical record number and name.

5. Basic laboratory tests should be drawn immediately on ED arrival and optimally performed on point-of-care devices,
facilitating timely delivery of relevant information to the attending clinicians. These tests should be repeated as clinically
indicated (e.g., after each cooler of products has been transfused). Suggested laboratory values are:

e CBC

* INR, fibrinogen

» pH and/or base deficit
e TEG, where available

CBC = complete blood count; ED = emergency department; FFP = fresh frozen plasma; INR = international normalized ratio; TEG = thromboelastography.

An example of an adult massive transfusion clinical guide-
line specifying the early use of component therapy is shown in

Table 4-6. Specific recommendations for the administra-
6 tion of component therapy during a massive transfusion are
shown in Table 4-7. Because only a small percentage of trauma
patients require a massive transfusion and because blood prod-
ucts in general are in short supply, the need for early prediction
models has been studied and a comparison of results from both
civilian and military studies is shown in Table 4-8.3%5 While
compelling, none of these algorithms have been prospectively
validated.

Complications of Transfusion (Table 4-9)
Transfusion-related complications are primarily related to
blood-induced proinflammatory responses. Transfusion-related
events are estimated to occur in approximately 10% of all trans-
fusions, but less than 0.5% are serious in nature. Transfusion-
related deaths, although rare, do occur and are related primarily
to transfusion-related acute lung injury (TRALI) (16%-22%),
ABO hemolytic transfusion reactions (12%-15%), and bacterial
contamination of platelets (11%-18%).%¢

Nonhemolytic Reactions. Febrile, nonhemolytic reactions
are defined as an increase in temperature (>1°C) associated with
a transfusion and are fairly common (approximately 1% of all

transfusions). Preformed cytokines in donated blood and recipi-
ent antibodies reacting with donated antibodies are postulated eti-
ologies. The incidence of febrile reactions can be greatly reduced
by the use of leukocyte-reduced blood products. Pretreatment
with acetaminophen reduces the severity of the reaction.

Bacterial contamination of infused blood is rare. Gram-
negative organisms, which are capable of growth at 4°C, are the
most common cause. Most cases, however, are associated with
the administration of platelets that are stored at 20°C or, even
more commonly, with apheresis platelets stored at room tem-
perature. Cases from FFP thawed in contaminated water baths
have also been reported.®” Bacterial contamination can result in
sepsis and death in up 25% of patients.®® Clinical manifestations
includes systemic signs such as fever and chills, tachycardia and
hypotension, and gastrointestinal symptoms (abdominal cramps,
vomiting, and diarrhea). If the diagnosis is suspected, the trans-
fusion should be discontinued and the blood cultured. Emer-
gency treatment includes oxygen, adrenergic blocking agents,
and antibiotics.

Allergic Reactions. Allergic reactions are relatively frequent,
occurring in about 1% of all transfusions. Reactions are usu-
ally mild and consist of rash, urticaria, and flushing. In rare
instances, anaphylactic shock develops. Allergic reactions are



Component therapy administration during massive
transfusion

Fresh frozen As soon as the need for massive transfusion

plasma (FFP) |is recognized.
For every 6 red blood cells (RBCs), give
6 FFP (1:1 ratio).

Platelets For every 6 RBCs and plasma, give one

6 pack of platelets. 6 random-donor platelet
packs = 1 apheresis platelet unit.

Platelets are in every cooler.

Keep platelet counts >100,000.

Cryoprecipitate | After first 6 RBCs, check fibrinogen
level. If <200 mg/dL, give 20 units
cryoprecipitate (2 g fibrinogen). Repeat
as needed, depending on fibrinogen
level, and request appropriate amount of
cryoprecipitate.

caused by the transfusion of antibodies from hypersensitive
donors or the transfusion of antigens to which the recipient is
hypersensitive. Allergic reactions can occur after the adminis-
tration of any blood product but are commonly associated with
FFP and platelets. Treatment and prophylaxis consist of the
administration of antihistamines. In more serious cases, epi-
nephrine or steroids may be indicated.

Respiratory Complications. Respiratory compromise may
be associated with transfusion-associated circulatory overload
(TACO), which is an avoidable complication. It can occur with
rapid infusion of blood, plasma expanders, and crystalloids, par-
ticularly in older patients with underlying heart disease. Central
venous pressure monitoring should be considered whenever
large amounts of fluid are administered. Overload is manifest
by arise in venous pressure, dyspnea, and cough. Rales can gen-
erally be heard at the lung bases. Treatment consists of diuresis,
slowing the rate of blood administration, and minimizing fluids
while blood products are being transfused.

Comparison of massive transfusion prediction studies

AUTHOR VARIABLES ROC AUC VALUE
McLaughlin et al®' | SBP, HR, pH, Hct 0.839
Yiicel et al®? SBP, HR, BD, Hgb, 0.892
Male, + FAST, long
bone/pelvic fracture
Moore et al®® SBP, pH, ISS >25 0.804

Schreiber et al®* Hgb <11, INR >1.5, 0.80

penetrating injury
HR, SBP, FAST,
penetrating injury

Cotton et al® 0.83-0.90

AUC = area under the curve; BD = base deficit; FAST = Focused assess-
ment with sonography for trauma; Het = hematocrit; Hgb = hemoglobin;
HR = heart rate; INR = international normalized ratio; ISS = injury
severity score; ROC = receiver operating characteristic; SBP = systolic
blood pressure.

The syndrome of TRALI is defined as noncardiogenic
pulmonary edema related to transfusion.®® It can occur with
the administration of any plasma-containing blood product.
Symptoms are similar to circulatory overload with dyspnea
and associated hypoxemia. However, TRALI is characterized
as noncardiogenic and is often accompanied by fever, rigors,
and bilateral pulmonary infiltrates on chest x-ray. It most com-
monly occurs within 1 to 2 hours after the onset of transfusion
but virtually always before 6 hours. Toy et al recently reported
a decrease in the incidence of TRALI with the reduction trans-
fusion of plasma from female donors, due to a combination of
reduced transfusion of strong cognate HLA class II antibod-
ies and HNA antibodies in patients with risk factors for acute
lung injury.” Treatment of TRALI entails discontinuation of
any transfusion, notification of the transfusion service, and pul-
monary support, which may vary from supplemental oxygen to
mechanical ventilation.

Hemolytic Reactions. Hemolytic reactions can be classified
as either acute of delayed. Acute hemolytic reactions occur
with the administration of ABO-incompatible blood and can be
fatal in up to 6% of cases. Contributing factors include errors in
the laboratory of a technical or clerical nature or the administra-
tion of the wrong blood type. Immediate hemolytic reactions
are characterized by intravascular destruction of red blood
cells and consequent hemoglobinemia and hemoglobinuria.
DIC can be initiated by antibody-antigen complexes activat-
ing factor XII and complement, leading to activation of the
coagulation cascade. Finally, acute renal insufficiency results
from the toxicity associated with free hemoglobin in the plasma,
resulting in tubular necrosis and precipitation of hemoglobin
within the tubules.

Delayed hemolytic transfusion reactions occur 2 to 10 days
after transfusion and are characterized by extravascular hemo-
lysis, mild anemia, and indirect (unconjugated) hyperbilirubine-
mia. They occur when an individual has a low antibody titer at
the time of transfusion, but the titer increases after transfusion
as a result of an anamnestic response. Reactions to non-ABO
antigens involve immunoglobulin G-mediated clearance by the
reticuloendothelial system.

If the patient is awake, the most common symptoms of
acute transfusion reactions are pain at the site of transfusion,
facial flushing, and back and chest pain. Associated symptoms
include fever, respiratory distress, hypotension, and tachycardia.
In anesthetized patients, diffuse bleeding and hypotension are the
hallmarks. A high index of suspicion is needed to make the diag-
nosis. The laboratory criteria for a transfusion reaction are hemo-
globinuria and serologic criteria that show incompatibility of the
donor and recipient blood. A positive Coombs’ test indicates
transfused cells coated with patient antibody and is diagnostic.
Delayed hemolytic transfusions may also be manifest by fever
and recurrent anemia. Jaundice and decreased haptoglobin usu-
ally occur, and low-grade hemoglobinemia and hemoglobinuria
may be seen. The Coombs’ test is usually positive, and the blood
bank must identify the antigen to prevent subsequent reactions.

If an immediate hemolytic transfusion reaction is sus-
pected, the transfusion should be stopped immediately, and
a sample of the recipient’s blood drawn and sent along with
the suspected unit to the blood bank for comparison with the
pretransfusion samples. Urine output should be monitored and
adequate hydration maintained to prevent precipitation of hemo-
globin within the tubules. Delayed hemolytic transfusion reac-
tions do not usually require specific intervention.
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Transfusion-related complications

ABBREVIATION | COMPLICATION SIGNS AND SYMPTOMS | FREQUENCY MECHANISM PREVENTION
NHTR Febrile, Fever 0.5%—-1.5% of Preformed cytokines | Use leukocyte-
nonhemolytic transfusions Host Ab to donor reduced blood
transfusion lymphocytes Store platelets <5 d
reaction
Bacterial High fever, chills <<0.05% of blood | Infusion of
contamination Hemodynamic changes | 0.05% of platelets contaminated blood
DIC
Emesis, diarrhea
Hemoglobinuria
Allergic reactions | Rash, hives 0.1%-0.3% of Soluble transfusion Provide
Itching units constituents antihistamine
prophylaxis
TACO Transfusion- Pulmonary edema 7 1:200-1:10,00 of | Large volume of Increase transfusion
associated transfused blood transfused time
circulatory patients into an older patient | Administer diuretics
overload with CHF Minimize
associated fluids
TRALI Transfusion-related | Acute (<6 h) hypoxemia Anti-HLA or Limit female donors
acute lung injury | Bilateral infiltrates + anti-HNA Ab in
Tachycardia, transfused blood
hypotension attacks circulatory
and pulmonary
leukocytes
Hemolytic reaction, | Fever 1:33,000— Transfusion of ABO- | Transfuse
acute Hypotension 1:1,500,000 units incompatible blood appropriately
DIC Preformed IgM Ab to matched blood
Hemoglobinuria ABO Ag
Hemoglobinemia
Renal insufficiency
Hemolytic reaction, | Anemia IgG mediated Identify patient’s
delayed (2-10 d) | Indirect Ag to prevent
hyperbilirubinemia recurrence
Decreased haptoglobin
level
Positive result on direct
Coombs’ test

Ab = antibody; Ag = antigen; CHF = congestive heart failure; DIC = disseminated intravascular coagulation; HLA = human leukocyte antigen; HNA =
anti-human neutrophil antigen; IgG = immunoglobulin G; IgM = immunoglobulin M.

Transmission of Disease. Malaria, Chagas’ disease, brucel-
losis, and, very rarely, syphilis are among the diseases that have
been transmitted by transfusion. Malaria can be transmitted by
all blood components. The species most commonly implicated
is Plasmodium malariae. The incubation period ranges from
8 to 100 days; the initial manifestations are shaking chills and
spiking fever. Cytomegalovirus (CMV) infection resembling
infectious mononucleosis also has occurred.

Transmission of hepatitis C and HIV-1 has been dra-
matically minimized by the introduction of better antibody and
nucleic acid screening for these pathogens. The residual risk
among allogeneic donations is now estimated to be less than
1 per 1,000,000 donations. The residual risk of hepatitis B is
approximately 1 per 300,000 donations.”® Hepatitis A is very
rarely transmitted because there is no asymptomatic carrier
state. Improved donor selection and testing are responsible for

the decreased rates of transmission. Recent concerns about the
rare transmission of these and other pathogens, such as West
Nile virus, are being addressed by current trials of “pathogen
inactivation systems” that reduce infectious levels of all viruses
and bacteria known to be transmittable by transfusion. Prion dis-
orders (e.g., Creutzfeldt-Jakob disease) also are transmissible by
transfusion, but there is currently no information on inactivation
of prions in blood products for transfusion.

TESTS OF HEMOSTASIS AND BLOOD COAGULATION

The initial approach to assessing hemostatic function is a care-
ful review of the patient’s clinical history (including previous
abnormal bleeding or bruising), drug use, and basic laboratory
testing. Common screening laboratory testing includes platelet
count, PT or INR, and aPTT. Platelet dysfunction can occur




at either extreme of platelet count. The normal platelet count
ranges from 150,000 to 400,000/uL.. Whereas a platelet count
greater than 1,000,000/uL. may be associated with bleeding or
thrombotic complications, increased bleeding complications
may be observed with major surgical procedures when the plate-
lets are below 50,000/uL and with minor surgical procedures
when counts are below 30,000/uL, and spontaneous hemorrhage
can occur when the counts fall below 20,000/uL. Despite a lack
of evidence supporting their use, platelet transfusions are still
recommended in ophthalmologic and neurosurgical procedures
when the platelet count is less than 100,000/uL.

The PT and aPTT are variations of plasma recalcification
times initiated by the addition of a thromboplastic agent. The
PT reagent contains thromboplastin and calcium that, when
added to plasma, leads to the formation of a fibrin clot. The
PT test measures the function of factors I, II, V, VII, and X.
Factor VII is part of the extrinsic pathway, and the remaining
factors are part of the common pathway. Factor VII has the
shortest half-life of the coagulation factors, and its synthesis
is vitamin K dependent. The PT test is best suited to detect
abnormal coagulation caused by vitamin K deficiencies and
warfarin therapy.

Due to variations in thromboplastin activity, it can be dif-
ficult to accurately assess the degree of anticoagulation on the
basis of PT alone. To account for these variations, the INR is
now the method of choice for reporting PT values. The Interna-
tional Sensitivity Index (ISI) is unique to each batch of thrombo-
plastin and is furnished by the manufacturer to the hematology
laboratory. Human brain thromboplastin has an ISI of 1, and the
optimal reagent has an ISI between 1.3 and 1.5.

The INR is a calculated number derived from the follow-
ing equation:

INR = (measured PT/normal PT)'S!

The aPTT reagent contains a phospholipid substitute,
activator, and calcium, which in the presence of plasma leads
to fibrin clot formation. The aPTT measures function of fac-
tors I, II, and V of the common pathway and factors VIII, IX,
X, and XII of the intrinsic pathway. Heparin therapy is often
monitored by following aPTT values with a therapeutic target
range of 1.5 to 2.5 times the control value (approximately 50 to
80 seconds). Low molecular weight heparins are selective Xa
inhibitors that may mildly elevate the aPTT, but therapeutic
monitoring is not routinely recommended.

The bleeding time is used to evaluate platelet and vascular
dysfunction, although not as frequently as in the past. Several
standard methods have been described; however, the Ivy bleed-
ing time is most commonly used. It is conducted by placing a
sphygmomanometer on the upper arm and inflating it to 40 mmHg,
and then a 5-mm stab incision is made on the flexor surface of
the forearm. The time is measured to cessation of bleeding, and
the upper limit or normal bleeding time with the Ivy test is 7
minutes. A template aids in administering a uniform test and
adds to the reproducibility of the results. An abnormal bleeding
time suggests platelet dysfunction (intrinsic or drug-induced),
vWD, or certain vascular defects. Many laboratories are replac-
ing the template bleeding time with an in vitro test in which
blood is sucked through a capillary and the platelets adhere to
the walls of the capillary and aggregate. The closure time in this
system appears to be more reproducible than the bleeding time
and also correlates with bleeding in vWD, primary platelet func-
tion disorders, and patients who are taking aspirin.

Additional medications may significantly impair hemo-
static function, such as antiplatelet agents (clopidogrel and GP
[Ib/I1a inhibitors), anticoagulant agents (hirudin, chondroitin
sulfate, dermatan sulfate), and thrombolytic agents (streptokinase,
tPA). If abnormalities in any of the coagulation studies cannot
be explained by known medications, congenital abnormalities of
coagulation or comorbid disease should be considered.

Unfortunately, while these conventional tests (PT, aPTT)
capture the classic intrinsic and extrinsic coagulation cascade,
they do not reflect the complexity of in vivo coagulation.”
Although they are useful to follow warfarin and heparin thera-
pies, they poorly reflect the status of actively bleeding patients.
This is not surprising given that these tests use only plasma and
not whole blood to provide their assessment of the patient’s clot-
ting status. To better assess the complex and rapidly changing
interactions of an actively bleeding patient, many centers have
moved to whole blood-viscoelastic testing such as TEG or rota-
tional thromboelastometry (ROTEM). In addition, some centers
have demonstrated that the graphical display options allow for
more rapid return of results and that these tests are actually less
expensive than standard coagulation panels.

TEG was originally described by Hartert in 1948.> Con-
tinuous improvements in this technique have made this test a
valuable tool for the medical personnel interested in coagula-
tion. The TEG monitors hemostasis as a dynamic process rather
than revealing information of isolated conventional coagula-
tion screens.” The TEG measures the viscoelastic properties of
blood as it is induced to clot under a low-shear environment
(resembling sluggish venous flow). The patterns of change in
shear-elasticity enable the determination of the kinetics of clot
formation and growth as well as the strength and stability of
the formed clot. The strength and stability provide information
about the ability of the clot to perform the work of hemostasis,
while the kinetics determines the adequacy of quantitative fac-
tors available for clot formation. A sample of celite-activated
whole blood is placed into a prewarmed cuvette, and the clotting
process is activated with kaolin with standard TEG and kaolin
plus tissue factor with rapid TEG. A suspended piston is then
lowered into the cuvette that moves in rotation of a 4.5-degree
arc backward and forward. The normal clot goes through accel-
eration and strengthening phase. The fiber strands that interact
with activated platelets attach to the surface of the cuvette and
the suspended piston. The clot forming in the cuvette trans-
mits its movement onto the suspended piston. A “weak” clot
stretches and therefore delays the arc movement of the piston,
which is graphically expressed as a narrow TEG. A strong clot,
in contrast, will move the piston simultaneously and propor-
tionally to the cuvette’s movements, creating a thick TEG. The
strength of a clot is graphically represented over time as a char-
acteristic cigar-shape figure (Fig. 4-6).

l—— Coagulation ——»f¢———— Fibrinolysis ———»|
/

LY

Figure 4-6. Tllustration of a thromboelastogram (TEG) tracing. K =
clot kinetics; LY = lysis; MA = maximal amplitude; R = reaction time.
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Several parameters are generated from the TEG tracing.
The r-value (reaction time) represents the time between the
start of the assay and initial clot formation. This reflects clot-
ting factor activity and initial fibrin formation and is increased
with factor deficiency or severe hemodilution. The k-time (clot
kinetics) is the time needed to reach specified clot strength and
represents the interactions of clotting factors and platelets. As
such, the k-time is prolonged with hypofibrinogenemia and sig-
nificant factor deficiency. Prolonged r-value and k-time are com-
monly addressed with plasma transfusions. The alpha or angle
(<) is the slope of the tracing and reflects clot acceleration. The
angle reflects the interactions of clotting factors and platelets.
The slope is decreased with hypofibrinogenemia and platelet
dysfunction. Decreased angles are treated with cryoprecipitate
transfusion or fibrinogen administration. The maximal ampli-
tude (mA) is the greatest height of the tracing and represents clot
strength. Its height is reduced with dysfunction or deficiencies in
platelets or fibrinogen. Decreased mA is addressed with platelet
transfusion and, in cases where the angle is also decreased, with
cryoprecipitate (or fibrinogen) as well. The G-value is a paramet-
ric measure derived from the mA value and reflects overall clot
strength or firmness. An increased G-value is associated with
hypercoagulability, whereas a decrease is seen with hypocoagu-
lable states. Finally, the LY30 is the amount of lysis occurring in
the clot, and the value is the percentage of amplitude reduction
at 30 minutes after mA is achieved. The LY30 represents clot
stability and when increased fibrinolysis is present.

TEG is the only test measuring all dynamic steps of clot for-
mation until eventual clot lysis or retraction. TEG has also been
shown to identify on admission those patients likely to develop
thromboembolic complications after injury and postoperatively.”>’

Recent trauma data have shown TEG to be useful in pre-
dicting early transfusion of red blood cells, plasma, platelets,
and cryoprecipitate.”® TEG can also predict the need for life-
saving interventions shortly after arrival and to predict 24-hour
and 30-day mortality.” Lastly, TEG can be useful to guide
administration of TXA to injured patients with hyperfibrinoly-
sis.'% Our center now uses TEG rather than PT and a PTT to
evaluate injured patients in the emergency room.'"!

EVALUATION OF EXCESSIVE INTRAOPERATIVE
OR POSTOPERATIVE BLEEDING

Excessive bleeding during or after a surgical procedure may be
the result of ineffective hemostasis, blood transfusion, unde-
tected hemostatic defect, consumptive coagulopathy, and/or
fibrinolysis. Excessive bleeding from the operative field unas-
sociated with bleeding from other sites usually suggests inad-
equate mechanical hemostasis.

Massive blood transfusion is a well-known cause of throm-
bocytopenia. Bleeding following massive transfusion can occur
due to hypothermia, dilutional coagulopathy, platelet dysfunction,
fibrinolysis, or hypofibrinogenemia. Another cause of hemostatic
failure related to the administration of blood is a hemolytic trans-
fusion reaction. The first sign of a transfusion reaction may be
diffuse bleeding. The pathogenesis of this bleeding is thought to
be related to the release of ADP from hemolyzed red blood cells,
resulting in diffuse platelet aggregation, after which the platelet
clumps are removed out of the circulation.

Transfusion purpura occurs when the donor platelets are
of the uncommon PIA! group. This is an uncommon cause of
thrombocytopenia and associated bleeding after transfusion.

The platelets sensitize the recipient, who makes antibody to the
foreign platelet antigen. The foreign platelet antigen does not
completely disappear from the recipient circulation but attaches
to the recipient’s own platelets. The antibody then destroys the
recipient’s own platelets. The resultant thrombocytopenia and
bleeding may continue for several weeks. This uncommon cause
of thrombocytopenia should be considered if bleeding follows
transfusion by 5 or 6 days. Platelet transfusions are of little help
in the management of this syndrome because the new donor
platelets usually are subject to the binding of antigen and dam-
age from the antibody. Corticosteroids may be of some help
in reducing the bleeding tendency. Posttransfusion purpura is
self-limited, and the passage of several weeks inevitably leads
to subsidence of the problem.

DIC is characterized by systemic activation of the coagu-
lation system, which results in the deposition of fibrin clots and
microvascular ischemia and may contribute to the development
of multiorgan failure. Consumption and subsequent exhaustion
of coagulation proteins and platelets due to the ongoing acti-
vation of the coagulation system may induce severe bleeding
complications.

Lastly, severe hemorrhagic disorders due to thrombo-
cytopenia have occurred as a result of gram-negative sepsis.
Defibrination and hemostatic failure also may occur with menin-
gococcemia, Clostridium perfringens sepsis, and staphylococcal
sepsis. Hemolysis appears to be one mechanism in sepsis leading
to defibrination.
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“Shock is the manifestation of the rude unhinging of the
machinery of life.”!
—Samuel V. Gross, 1872

EVOLUTION IN UNDERSTANDING SHOCK

Overview
Shock, at its most rudimentary definition and regardless of the
etiology, is the failure to meet the metabolic needs of the cell
and the consequences that ensue. The initial cellular injury
1 that occurs is reversible; however, the injury will become
irreversible if tissue perfusion is prolonged or severe enough
such that, at the cellular level, compensation is no longer pos-
sible. Our evolution in the understanding of shock and the dis-
ease processes that result in shock made its most significant
advances throughout the twentieth century as our appreciation
for the physiology and pathophysiology of shock matured. Most
notably, this includes the sympathetic and neuroendocrine stress
responses on the cardiovascular system. The clinical manifesta-
tions of these physiologic responses are most often what lead
practitioners to the diagnosis of shock as well as guide the
management of patients in shock. However, hemodynamic
parameters such as blood pressure and heart rate are relatively
insensitive measures of shock, and additional considerations
must be used to help aid in early diagnosis and treatment of
patients in shock. The general approach to the management of
patients in shock has been empiric: assuring a secure airway
with adequate ventilation, control of hemorrhage in the bleeding
patient, and restoration of vascular volume and tissue perfusion.

Historical Background

Integral to our understanding of shock is the appreciation that
our bodies attempt to maintain a state of homeostasis. Claude
Bernard suggested in the mid-nineteenth century that the
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organism attempts to maintain constancy in the 