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Foreword

State-of-the-Art in Resuscitation represents a good example of careful attention
given to the evidence and guidelines coherent with a modern approach to the
clinical Intensive Care Medicine, and of an open-minded approach to translational
research, as a means to link the laboratory to the bedside. The main topics of
cardiopulmonary resuscitation have been treated and updated with the current
knowledge. The present textbook is an essential educational tool for training in
intensive care medicine.

The vast and solid scientific and clinical experience of Antonino Gullo and
Giuseppe Ristagno made them the perfect Editors of a work inspired to the
teaching of an unrivalled master as Max Harry Weil, the father of ‘‘Critical
Medicine.’’

Following in the footsteps of this giant of Medicine, and in collaboration with
distinguished international researchers and intensivists, the Editors prepared a
work of great professional value, thoughtfully analyzing the various aspects of
cardiopulmonary intensive care and going into the details of most of the problems
inherent in the cardiovascular and cerebral monitoring and treatment, with special
attention to the application of new techniques and criteria of advanced life support.

The analysis of the cellular microcosm opens a window toward future scientific
developments and offers a new opportunity of interpretation of the clinical and
pharmacological phenomena in the field of cardiovascular resuscitation.

More experienced intensivists as well as intensivists in training will certainly
benefit by this state-of-art guide to a discipline that has many implications that are
difficult to master.
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I am confident of the success of this textbook, thanks to the contributions
coordinated by two mentors as Antonino Gullo and Giuseppe Ristagno, whose
motivation and competence are internationally well known and eloquently
expressed in this work.

Rome, Italy, 13 November 2013 Massimo Antonelli
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Preface

Three years have passed since the last guidelines for Cardiopulmonary Resusci-
tation and Emergency Cardiovascular Care and the new one is underway and
expected to be released during 2015. Thus, this volume has the purpose to
assemble updates on Resuscitation science from international experts in the field
and to explore the current state-of-the-art in this important, continuously devel-
oping, and controversial area. The different contributions will stimulate improved
clinical resuscitation practices through the translation of laboratory and clinical
research into routine practice, in prehospital and in-hospital populations.

Indeed, the authors of the different chapters are international experts on CPR,
shock states, and trauma who participated in the first ‘‘Weil Conference’’ in Milan,
in September 2012. Max Harry Weil was one of the world’s leading clinicians,
educators, and researchers in the field of critical care medicine and resuscitation
science. He was a pioneer in this field, and was considered the ‘‘father’’ of critical
care. Dr. Weil’s effort contributed to a long list of seminal insights that led to
dramatic improvement in survival of people with ‘‘circulatory failure’’ caused by
sepsis, septic shock, heart failure, cardiac arrest, and trauma.

Being most of the experts contributing to this volume either a Dr. Weil former
fellow or one of his professional colleagues and scientific collaborators, this book
on Resuscitation is an occasion to honor Dr. Weil’s memory and life spent ‘‘saving
lives,’’ through providing updated experimental and clinical perspectives to
scientists, physicians, researchers, and fellows in the specialty of intensive and
critical care medicine.

Antonino Gullo
Giuseppe Ristagno
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Part I

State of the Art in Resuscitation



1Resuscitation Science: From
the Beginning to the Present Day

Carmelina Gurrieri, Giuseppe Ristagno and Antonino Gullo

1.1 Introduction

Cardiovascular disease remains the leading cause of death in the Western world,
with 350,000 Americans and 700,000 Europeans sustaining cardiac arrest each
year [1]. Indeed, cardiopulmonary resuscitation (CPR) is an emergency procedure
to be performed as soon as possible after collapse in the attempt to restore
spontaneous circulation and respiration. Resuscitation is a relatively modern
science, although its roots extend back in the centuries. The earliest report of a
resuscitation attempt, in fact, has been described in the Bible, in the Old
Testament, where ‘‘the life of a boy was restored by placing a mouth in the boy
mouth’’ [2]. However, until the nineteenth century, routine resuscitation from
death was not viewed as feasible. Yet, as early as the nineteenth century, resus-
citation by delivery of an electrical shock was demonstrated. Indeed, modern CPR
emerged only during the latter half of the twentieth century. A sequence of
interventions was established in the 1960s under the acronym ABCD [3], namely
airway, breathing, chest compression, and defibrillation. Although to some extent
now modified to take into account priorities of chest compression over the airway,
breathing, and defibrillation, the ABCD acronym continues to have a determinant
role and practical utility.

C. Gurrieri � A. Gullo
Dipartimento di Anestesia e Rianimazione, Universita’ degli studi di Catania, Catania, Italy
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1.2 History

Indeed, it was in 1874 when the pathophysiology of the direct cardiac compression
was explained by Dr. Moritz Schiff. He noted the presence of carotid pulsations
closely corresponding to the ejection of blood produced by directly squeezing the
canine heart in an open-chest dog model. This led to the term ‘‘open chest cardiac
massage.’’ Friedrich Maass is credited with the first successful human closed-chest
cardiac massage that was performed in 1891 [4]. However, all these initial trials
remained anecdotal. Consequently, during the first half of the twentieth century,
cardiac resuscitation was restricted to the operating room or closely proximal
in-hospital settings. In 1958, however, Dr. Kouwenhoven and his coworkers,
Drs. Jude and Knickerbocker [5], reawakened the potential value of chest massage
when they observed that coincidental with the positioning of paddles on the anterior
chest for delivery of an electrical shock, an arterial pulse was produced. External
compression could therefore be performed without surgical expertise or equipment
and now became widely taught and used, and open-chest cardiac massage became
obsolescent except for intraoperative or post traumatic resuscitation. A combination
of closed-chest compression and mechanical ventilation thereupon formed the
platform after the 1960s and remains as the present-day CPR.

The modern resuscitation achieved its consistency in the 1950s, thanks to the
experiments of doctors James Elam, Peter Safar, and Archer S. Gordon. Dr. Elam
was the father of rescue breathing [6]. His experiments were soon joined by Dr.
Safar who proved the efficacy of exhaled air ventilation without adjuncts and
airway patency by backward tilt of the head with jaw thrust. The S-shaped oro-
pharyngeal airway, which continues to be used in the present, was utilized by
Safar, together with the now routine positions of the forehead and mandible with
which a patient airway is secured in unconscious victims [7]. Correct patency of
the airway was described by Dr. Safar who observed in anesthetized, breathing
patients, the return of inflated gas into a bag which was connected to the endo-
tracheal tube. In 1954, the mouth-to-mask ventilation for resuscitation was pro-
posed by Elam which achieved arterial oxygen saturations of more than 90 % [8].
Safar, instead, reproposed mouth-to-mouth ventilation as an effective ventilation
method during resuscitation because it required no instrumentation [9]. Subse-
quently, the self-refilling bag introduced by Ruben [10] in 1958 followed by the
addition of the oxygen gas-powered pneumatic demand valve resuscitator in 1964
added importantly to support breathing in emergency settings. Concurrently, the
valve mask bag became the primary manual emergency ventilation device for
resuscitation and it continues to be in active use to the present day [11]. Mouth-to-
mouth ventilation was then further improved by Dr. Gordon’s clinical observation
on children population. As for mechanical ventilation, the Drinker respirator or
‘‘iron lung’’ paved the way for prolonged mechanical ventilation, especially for
patients afflicted with neuromuscular failure of breathing, including cervical spinal
cord injury and, most of all, paralytic poliomyelitis. Intermittent positive pressure

4 C. Gurrieri et al.



ventilation, instead, first evolved in Europe when cuffed tracheotomy tubes
became available. In 1952, Bjørn Ibsen [12] utilized manual positive pressure
ventilation during the Danish polio epidemics with the participation of hundreds of
medical students breathing for victims who had a tracheostomy tube attached to a
vented rubber bag for delivery of air or oxygen.

The first demonstration that ventricular fibrillation could be terminated by an
electrical current was in 1899, when Prevost and Battelli [13] observed that
directly delivered low voltage AC currents induced ventricular fibrillation in dogs
and higher voltage currents terminated ventricular fibrillation. Dr. Paul Zoll sub-
sequently recorded the first successful closed-chest human defibrillation in 1955 in
a man with recurrent syncope which terminated in ventricular fibrillation [14].
In 1979, the first portable external defibrillator was developed, the precursor to
automatic external defibrillators.

1.3 Introduction of CPR Guidelines

Under the auspices of the National Academy of Science National Research
Council, James Elam, Archer Gordon, James Jude, and Peter Safar formed a
working committee. This committee developed the first national guidelines for
what to teach to whom and how, which was published in 1966 [15]. The first CPR
guidelines were established. Guidelines were also developed under the auspices of
the World Federation of Societies of Anesthesiologists, which expanded guidelines
for advanced life support (ALS), including cerebral resuscitation. In the decade
that followed, the first National Conference on Standards for CPR and Emergency
Cardiac Care (ECC) was organized under the auspices of the American Heart
Association (AHA), which thereafter assumed increasing responsibility for
professional leadership in the field both nationally and later internationally.
In 1973, the second National Conference on CPR was held under the auspices of
the AHA [16]. At the end of the 1970s Advanced Cardiovascular Life Support
(ACLS) was developed. Ten years later the AHA introduced the first pediatric
basic life support (BLS) and ALS and neonatal resuscitation guidelines. In the
1990s, Public Access Defibrillation (PAD) programs were developed and the
International Committee on Resuscitation (ILCOR) was founded. The importance
of early cardiac arrest recognition and activation of emergency system, early CPR,
early defibrillation, and early ALS was addressed by Cummins and colleagues,
who first introduced the concept of the ‘‘Chain of Survival’’ [17, 18]. Today a new
link has been added to the chain, the so-called ‘‘post-resuscitation care’’ [19]. The
implementation of the fifth link provided significant and important improvements
in favorable neurological outcome and survival and became more and more
emphasized in the 2010 guidelines [20]. The 2005 and, even more, 2010 guidelines
stressed also the importance of high-quality CPR in order to achieve better
outcome of cardiac arrest [21].

1 Resuscitation Science 5



1.4 Utstein Style

Despite the large amount of literature focusing on out-of-hospital cardiac arrest
outcome, a comparison of data among different emergency medical service
systems was almost impossible until two decades ago, due to the lack of consensus
and uniformity in data recordings and reporting. Thus, in order to establish
uniform terms and recommendations for the evaluation and reporting of data from
cardiac arrest, in 1991 a task force developed the Utstein style [22]. Member
representatives of different organizations, i.e., AHA, European Resuscitation
Council, European Society of Cardiology, European Academy of Anesthesiology,
and European Society for Intensive Care Medicine, attended an international
resuscitation meeting hosted at the Utstein Abbey, in Norway. It represented a
starting point for a more effective registration of data and information from a
cardiac arrest event and a better understanding of the elements of resuscitation
practice. Thereafter, the term ‘‘Utstein style’’ was adopted to indicate the uniform
reporting of data from prehospital cardiac arrests [23]. Moreover, the international
meeting addressed the importance and the potential value of bystander CPR which
demonstrated to reduce the mortality of cardiac arrest. The need for easy acces-
sibility to training and CPR education was another topic of interest. Many other
Utstein style international consensus statements have been published over the past
20 years, including the uniform reporting of pediatric ALS, laboratory CPR
research, in-hospital resuscitation, neonatal life support, CPR registries, and
trauma data. The standardized definitions established by the Utstein scientific
statements enabled comparative analysis between resuscitation studies and
healthcare systems. Nevertheless, there is still confusion in the scientific literature
due to a persisting lack of uniformity in reporting some specific data. For example,
differences in terms referring to defibrillation success or in the different survival
outcomes chosen to report the effect of a specific treatment/intervention [24–27].
Moreover, the likelihood of survival from cardiac arrest patients may depend also
on sociodemographic factors as well as biological and clinical characteristics.
There are, for example, some areas with higher cardiac arrest risk population and
consequently higher risk of poor outcome; thus the estimation of cardiac arrest and
outcome may be subject to potential external bias [24]. Other factors to be taken
into consideration are the local emergency response organization and post-resus-
citation care after hospital admission [24, 26]. Thus, knowledge of regional
variations in outcome after cardiac arrest could guide identification of effective
interventions to be undertaken, such as appropriate public health initiatives,
community support, high-quality pre and posthospital emergency care, and good
education in CPR skills.

6 C. Gurrieri et al.



1.5 Translational Research

The translation of basic science into the clinical practice may be difficult and
remains a major issue in contemporary medicine. For this purpose, a new
discipline has been created, the translational research, which tries to assess the
discrepancies between research and clinical needs. Translational research is a
continuum loop in which basic science discovering is integrated into clinical
application and clinical observations are used to generate scientific topics to be
studied by basic science [28]. This integration is extremely important for medicine
improvement. Translation science deals with health policy, health economy, and it
should have a holistic approach. However, about three-quarters of the basic sci-
ence promises have not been tested yet in randomized clinical trials and only few
of the basic science promises have had a major impact on current medical practice
[29]. This result may represent a failure of translational medicine to match basic
science advances. Many explanations might account for this ‘‘failure,’’ such as
lack of sufficient fundings, high cost and slow results, inadequate samples, conflict
of interest, fragmented infrastructures, shortage of qualified investigators, shortage
of willing participants, incompatible databases, and lack of congressional and
public supports [29–32]. Health systems should consider translational science as a
cornerstone of modern health which can have a strong impact on the well-being of
society and on clinical practice. Only educational interventions may implement
translational science for improving collaboration among scientists, clinicians,
researchers, and healthcare systems.

1.6 Resuscitation Science

Advances in resuscitation science have improved survival rate of cardiac arrest.
Resuscitation science was first defined by the Post-resuscitative and initial Utility in
Life Saving Efforts (PULSE) Conference, an initiative taken by leaders of the
international scientific community to improve clinical outcomes after CPR [33].
This conference defined resuscitation science as the study of pathophysiology,
mechanisms, and management of sudden states of illness, in particular of the states
of whole body oxygen deprivation. Resuscitation science includes five principal
domains which are: basic science, pharmacology, translational studies, bioengi-
neering, and clinical evaluative research. All of the above domains focus their
attention on scientific research which might ameliorate resuscitation care. For
example, different studies have shown that therapeutic hypothermia is an effective
treatment for comatose adults resuscitated from cardiac arrest [34–37]. It requires a
multidisciplinary team approach and comprehensive targeted temperature
protocols, which include shivering assessment and seizure management. However,
despite the strong evidence of efficacy and apparent simplicity of intervention,
recent surveys show that therapeutic hypothermia is delivered inconsistently,
incompletely, and often with delay. This is a case of difficulty in translation
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research into clinical practice. Different reasons might be listed, such as lack of
awareness of recommended practice, of standard protocols for applying hypo-
thermia, and staff shortages. To overcome these, standardized protocols, educa-
tional sessions, reminders, audit feedbacks, and education of clinicians are
mandatory.

1.7 Education

The quality of education, training programs, and frequency of retraining are
critical factors in improving the effectiveness of resuscitation. Resuscitation pro-
grams should systematically monitor cardiac arrests, the quality of resuscitation
care provided, and the outcome. These informations are necessary to optimize
resuscitation care and improve the resuscitation performance [38]. Survival
rates after cardiac arrest depend, in fact, not only on the validity and reliability
of guidelines and a well-functioning Chain of Survival, but also on the quality of
education. These factors interact with each other. Unfortunately, less than 15 % of
adult out-of-hospital cardiac arrest victims survive to hospital discharge despite the
progress on resuscitation care [1].

Training courses on resuscitation are now well-established worldwide. Many
courses provide combined training in BLS and ACLS skills. Training organized in
small groups is advantageous and more interactive. Scenario-based teaching
allows for useful repetition of sequence and items and should be a central part of
the course. Teaching strategies should be evaluated and compared on the basis of
how well attendees achieve predefined teaching goals [38]. Patient simulation
could be an ideal tool for teaching and lets attendees to be actively engaged in their
learning process. By definition, in fact, simulation places trainers in a similar
realistic scenario created with a simulator that replicates the real environment.
Unfortunately, there is not a single method suitable for all circumstances. Thus,
audit for evaluation of training methods, instructors’ skills, acquired knowledge,
and effectiveness of courses should be mandatory. Mass education and television
campaigns are other examples of educational tools in CPR training [39]. Another
example of a potential good teaching method might be the ‘‘virtual technology’’
which includes computer games and videogames. This method has been efficiently
experimented in schools [40]; it is feasible, reliable, and it could represent an
alternative starting point for teaching CPR to young laypersons.

1.8 A Tribute to Dr. Weil

Finally, we cannot conclude this chapter without a tribute to the ‘‘father of the
critical care’’ and pioneer of resuscitation science, Dr. Max Harry Weil [41]. He, in
fact, first introduced the term critical care medicine in the late 1950s at the Uni-
versity of Southern California Medical Center. In 1961, Dr Weil cofounded,
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together with Dr. Shubin ‘‘The Institute of Critical Care Medicine,’’ a nonprofit
public foundation at the University of Southern California, recognized as a com-
prehensive international center for medical and biomedical engineering research in
critical care and resuscitation medicine. Indeed, together with Dr. Safar, he signed
a progress in understanding the pathophysiology of sudden death and in recog-
nizing the importance of early cardiopulmonary and cerebral resuscitation
maneuvers. These concepts were considered a real challenge to achieve by con-
tinuous refining of guidelines and their popularization, including widespread
programs of training. In 1967, Safar, Shoemaker, and Weil had an impromptu
meeting on the Boardwalk of Atlantic City in conjunction with an annual meeting
of the American Physiological Society. They subsequently corresponded regularly,
and Dr. Weil then invited 28 medical leaders from different specialties repre-
senting internal medicine, cardiology, surgery, anesthesiology, and pediatrics to
propose a multidisciplinary organization to implement and guide the field which
evolved into the ‘‘Society of Critical Care Medicine.’’ Dr. Weil’s effort contributed
to a long list of insights that led to the dramatic improvement in survival of people
suffering ‘‘circulatory failure’’ due to sepsis, septic shock, heart failure, cardiac
arrest, and trauma. He realized that in the absence of real-time measurements of
vital signs and alarms, professional providers were either not aware of immediate
life threats or they could not define with sufficient precision the immediate events
that led to the fatal outcome. The assumption was that immediately life-endan-
gered patients, the critically ill and injured, may have substantially better chances
of survival if provided with professionally advanced minute-to-minute objective
measurements. Thus, Dr. Weil was prompted to implement continuous monitoring
of the electrocardiogram, blood pressure, pulse, breathing, and other vital signs
complemented by arterial and central venous pressures, urine output, central, and
peripheral temperatures, and by intermittent measurements of blood gases from
vascular sites. That concept was pioneered in a four-bed unit called the ‘‘Shock
Ward’’ that became the prototype of the early intensive care unit (ICU) [42].
Thereafter, progress in the management of the acutely life-threatened patient has
been accelerated by rapid advances in both monitoring and measurement tech-
nologies and the interventions today routinely used worldwide in modern ICUs.
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2From Experimental and Clinical
Evidence to Guidelines

Jerry P. Nolan

2.1 Introduction

Clinical guidelines should be evidence based and in this respect cardiopulmonary
resuscitation (CPR) guidelines should be at least as robust as any other guidelines
that support our practice. Guidelines improve the quality of care received by
patients by closing the gap between what clinicians do and what scientific evi-
dence supports. Guidelines provide a point of reference for auditing performance
of clinicians or hospitals. The steps involved in the process for developing evi-
dence-based guidelines have been outlined by the Grades of Recommendation
Assessment, Development and Evaluation (GRADE) Working Group (Table 2.1)
[1–3].

This chapter will review the process involved in reviewing experimental and
clinical evidence in CPR and steps taken to translate this into clinical practice.

2.2 The History of International CPR Consensus
and Guideline Development

The modern approach to cardiopulmonary resuscitation (CPR)—rescue breathing
and closed-chest compression—was described in the late 1950s and early 1960s
[4, 5]. Although this was undoubtedly the birth of CPR, the challenge was to
spread the word and educate the healthcare workers and lay people throughout the
world. This same challenge faces us today whenever CPR guidelines are modified
and updated.
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In 1966, the National Academy of Sciences’ National Research Council con-
vened an ad hoc conference on CPR. This was the first conference to review
specifically the evidence and recommend standard CPR techniques; more than 30
national organizations were represented [6]. International awareness was enhanced
in the following year, when an International Symposium on Emergency Resus-
citation was held in Oslo, Norway. The American Heart Association (AHA)
sponsored subsequent conferences in 1973 and 1979 [7, 8]. Parallel efforts
occurred internationally as other resuscitation organizations faced a growing
demand for CPR training [9]. Inevitably, variations in resuscitation techniques and
training methods began to emerge from individual countries and regions of the
world.

Increasing awareness of international variations in resuscitation practices
generated interest in the possibility of gathering international experts at a single
location with the aim of achieving consensus in resuscitation techniques. The
AHA invited resuscitation leaders from many countries to observe its 1985 review
of standards and guidelines for CPR and emergency cardiovascular care (ECC)
[10]. These international guests played a major role in discussions and dissemi-
nated the findings and recommendations to their own countries.

In June 1990, representatives from the AHA, European Resuscitation Council
(ERC), Heart and Stroke Foundation of Canada (HSFC), and the Australian
Resuscitation Council (ARC) held a meeting at Utstein Abbey on the island of
Mosteroy, Norway. The lack of standardized terminology in reports relating to
adult out-of-hospital cardiac arrest was highlighted. At a follow-up meeting in

Table 2.1 Steps involved in translating science into clinical guidelines according to the
GRADE process (adapted from [1])

Establish the guideline development group

Define the scope of the guidelines

Prioritize the problems

Ask precise clinical questions using the population intervention comparator outcome (PICO)
format

Decide on the relative importance of outcomes

Identify the existing evidence for every clinical question

Develop evidence profiles

Grade the quality of existing evidence for each outcome separately

Determine the overall quality of available evidence across outcomes

Decide on the balance between desirable and undesirable consequences

Decide on the strength of recommendation

Formulate the recommendation reflecting its strength

Write the guideline

Disseminate the guideline
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December 1990 in Surrey, England, the term ‘‘Utstein-style’’ was adopted for the
uniform reporting of data from out-of-hospital cardiac arrests (OHCAs) [11].
Many other ‘‘Utstein-style’’ international consensus statements have been pub-
lished over the last 22 years, including the uniform reporting of pediatric advanced
life support [12], laboratory CPR research [13], in-hospital resuscitation [14],
neonatal life support [15], drowning [16], post-resuscitation care [17], medical
emergency teams [18], and dispatch [19]. The original Utstein statements on
OHCA and in-hospital cardiac arrest (IHCA) were merged and updated in a single
statement on resuscitation registries in 2004 [20]. Following meetings in 2012 and
2013, an update of the 2004 Utstein reporting document is being written.

The Fifth National Conference on CPR and ECC was held in Dallas, Texas, in
1992. More than 40 % of the participants were from outside the United States,
representing 25 countries and 53 international organizations [10]. Concepts dis-
cussed at this meeting included the creation of a permanent infrastructure for
international cooperation and the desirability of common international guidelines
and an international conference on CPR and ECC.

2.3 The International Liaison Committee on Resuscitation

The first international conference held by the ERC took place in Brighton, England
in 1992 [21]. At the end of the conference, representatives from the guidelines-
producing organizations (AHA, ERC, HSFC, ARC, and the Resuscitation Council
of Southern Africa (RCSA)) held the first meeting of the International Liaison
Committee [22]. The founding member organizations of The International Liaison
Committee on Resuscitation (ILCOR) were the AHA, the ERC, the Heart and
Stroke Foundation of Canada, the Resuscitation Council of Southern Africa
(RCSA), and the Australian Resuscitation Council (ARC). These organizations
were later joined by the Consejo Latino-Americano de Resuscitatión (now part of
the Inter-American Heart Foundation), the New Zealand Resuscitation Council
(which now forms part of the Australia and New Zealand Committee on Resus-
citation—ANZCOR), and the Resuscitation Council of Asia (RCA).

Since its formation, ILCOR has coordinated international systematic reviews of
the evidence to support resuscitation standards and guidelines. To date, ILCOR has
published 23 scientific advisory statements with the goal of endorsing evidence-
based resuscitation science that can be adopted by regional councils to formulate
resuscitation guidelines [11, 13, 16, 23–42]. While some regional differences in
guidelines are inevitable because of varying implementation issues or resources, the
ultimate goal of ILCOR is to provide a unified consensus on the science of
resuscitation and on the science of resuscitation education/implementation. This
goal defined the international CPR evidence evaluation conferences held in 2000,
2005, and 2010, as well as several other international consensus statements [37, 43,
44]. The 2000 Guidelines Conference [45], the first major assembly coordinated by
ILCOR, used a sophisticated process for gathering and assessing evidence; this
process evolved further in 2005 [46] and was refined for 2010 [47].
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The goal of a single best set of international CPR guidelines has not yet been
achieved. Broadly, consensus on resuscitation science has been reached, but local
variations in treatment recommendations are inevitable because of differences in
epidemiology, model of care, implementation, culture, or economic factors. These
variations will be reflected by some subtle differences in regional and national
resuscitation guidelines. Reasons for failure to achieve truly universal guidelines
include:
1. For many interventions, high-level evidence in the form of randomized clinical

trials is not available.
2. The evidence may be inconsistent or contradictory.
3. Resuscitation has evolved over 50 years and many of the practices originally

recommended were based on the best available evidence and the opinions of
experts at the time. In some cases, this evidence was minimal or difficult to
interpret.

2.4 Implementation

Failure to translate research findings into daily practice is a well-recognized
problem [48, 49]. The development of good guidelines does not ensure that they
will be adopted in clinical practice and passive methods of disseminating and
implementing guidelines (e.g., publication in journals) are unlikely to change
professional behavior [50]. Recent evidence suggests that full implementation of
new resuscitation guidelines can range from 18 months up to 5 years [51, 52].
Resuscitation organizations have a primary responsibility for disseminating and
implementing resuscitation guidelines; this will require significant resources.
Resuscitation guidelines can be disseminated effectively through the Internet,
through national scientific meetings, and by local meetings held in hospitals and in
the community. Resuscitation training materials should be updated as rapidly as
possible to reflect the new guidelines. Standardized courses play a crucial role in
disseminating resuscitation guidelines. Evaluation and verification of the imple-
mentation of new guidelines is achieved through audit.

The science of resuscitation is evolving rapidly. It would not be in the best
interests of patients if resuscitation experts were to wait 5 or more years to inform
healthcare professionals of therapeutic advances in this field. Some groups have
advocated reviewing guidelines as frequently as every 2 years [53]. However,
frequent changes in recommendations that do not have a major impact on outcome
might undermine the process, because teaching and learning new guidelines takes
time and resources. New science must be reviewed continually; if major new
research evidence is published, groups such as ILCOR should publish interim
consensus advisory statements to update treatment guidelines. Large, multicenter
registries that use Utstein-style consensus definitions of the process of care and
outcomes following resuscitation will track the dissemination of new techniques
and interventions from science to guidelines and to practice, and lead to further
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refinements in the guidelines [37, 54–56]. Ideally, important interventions and
practices could be taught and reviewed rapidly, giving feedback on quality of
performance for all healthcare providers. The interface between resuscitation
research and continuous quality improvement (audit) is becoming more blurred.

ILCOR and international collaboration has continued to mature. The quest for a
single set of universal guidelines is idealistic: many problems in resuscitation
require local modifications and solutions. The common goals of the resuscitation
community are to reduce the rates of morbidity and mortality from cardiovascular
disease. The consensus statements and treatment recommendations in this publi-
cation are based on the most comprehensive review of resuscitation science ever
undertaken, and this has been achieved by active and effective international
collaboration.

2.5 The 2010 International Consensus on Cardiopulmonary
Resuscitation and Emergency Cardiovascular Care
Science with Treatment Recommendations

The 2010 International Consensus Conference involved 313 experts from 30
countries [42]. A total of 277 specific resuscitation questions, each in PICO format,
were considered by 356 worksheet authors who reviewed thousands of relevant,
peer-reviewed publications. Many of these worksheets were presented and dis-
cussed at monthly or semimonthly task force international web conferences. The
evidence review and summary portions of the evidence evaluation worksheets,
with worksheet author conflict of interest (COI) statements, were posted on the
ILCOR Website (www.ilcor.org). Journal advertisements and emails invited
public comment. Public comments were sent to the appropriate ILCOR task force
chair and worksheet author for consideration.

2.5.1 The Evidence Evaluation Process for the 2010 International
Consensus on CPR and ECC Science

Evidence-based medicine is now a fundamental component of clinical practice.
The evidence evaluation process used in preparation for the 2010 International
Consensus on CPR and ECC Science with Treatment Recommendations (2010
CoSTR) has been described in detail and was updated from the approach that had
been used in 2005 [47].

The specific questions for systematic review were drawn up by each of six
ILCOR specialty task forces (BLS, ALS, acute coronary syndromes, PLS, NLS,
and education, implementation and teams (EIT)), from the ILCOR member
resuscitation councils and from the knowledge gaps that had been identified after
the 2005 conference [57]. Questions structured in a PICO format were allocated to
worksheet authors by the relevant task forces. Each author had to complete a
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rigorous conflict of interest (COI) assessment [58]. Instructions were provided on
the search strategy and the databases to be searched. The minimum electronic
databases to be searched included the Cochrane database for systematic reviews
and the Central Register of Controlled Trials (http://www.cochrane.org/), MED-
LINE (http://www.ncbi.nlm.nih.gov/PubMed/), EMBASE (www.embase.com),
and the EndNote (www.endnote.com) reference library collated by the AHA.

Abstracts obtained from the search were reviewed so that all relevant articles
could be identified. For the 2010 process a simplified list of five levels of evidence
(LOE) was used. Specific LOEs based on the likelihood for bias were developed
for therapeutic interventions, diagnostic questions, and prognosis (Table 2.2). The
principles of allocation for studies related to therapeutic interventions were based
on the likelihood of eliminating bias in the control group: true randomization
(LOE 1), concurrent (LOE 2) versus historic (LOE 3) controls, absence of controls

Table 2.2 Levels of evidence used in the 2010 Consensus on CPR Science (reproduced from
[47])

2A. Levels of Evidence for Studies on Therapeutic Interventions

LOE 1: Randomized Controlled Trials (or meta-analyses of RCTs)

LOE 2: Studies using concurrent controls without true randomization (e.g., pseudo randomized)

LOE 3: Studies using retrospective controls

LOE 4: Studies without a control group (e.g., case series)

LOE 5: Studies not directly related to the specific patient/population (e.g., different patient/
population, animal models, mechanical models, etc.)

2B. Levels of Evidence for Prognostic Studies

LOE P1: Inception (prospective) cohort studies (or meta-analyses of inception cohort studies), or
validation of Clinical Decision Rule (CDR)

LOE P2: Follow-up of untreated control groups in RCTs (or meta-analyses of follow-up studies),
or derivation of CDR, or validated on split-sample only

LOE P3: Retrospective cohort studies

LOE P4: Case series

LOE P5: Studies not directly related to the specific patient/population (e.g., different patient/
population, animal models, mechanical models, etc.)

2C. Levels of Evidence for Diagnostic Studies

LOE D1: Validating cohort studies (or meta-analyses of validating cohort studies), or validation
of Clinical Decision Rule (CDR)

LOE D2: Exploratory cohort study (or meta-analyses of follow-up studies), or derivation of CDR,
or a CDR validated on a split-sample only

LOE D3: Diagnostic case–control study

LOE D4: Study of diagnostic yield (no reference standard)

LOE D5: Studies not directly related to the specific patient/population (e.g., different patient/
population, animal models, mechanical models, etc.)
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(LOE 4), or studies that were related to the worksheet question but that did not
directly answer it (LOE 5). LOE 5 studies included studies in related populations,
animal studies, and bench and mathematical models [47].

Using predefined criteria, the reviewers assessed the quality of research design
and methods and allocated each study to one of three categories: good, fair, and
poor. Studies were designated as good if they had most or all of the relevant
quality items, fair if they had some of the relevant quality items, and poor if they
had only a few of the relevant quality items but sufficient quality to include for
further review [47]. All of the evidence identified was placed in one of three tables:
supportive, neutral, or opposing. Authors formulated a consensus on science
statement, which summarized the relevant evidence and then proposed a treatment
recommendation. These science statements and treatment recommendations were
reviewed and edited by the relevant task before being posted online for public
comment. In general, the treatment recommendations were intentionally broad and
lacking the detail that would be required for implementation in clinical practice.
This final step—the generation of detailed guidelines for clinical practice—was the
responsibility of regional resuscitation organizations such as the AHA [59] and the
ERC [60]. The ERC and the AHA guidelines can be downloaded at www.erc.edu
and http://circ.ahajournals.org/content/122/18_suppl_3.toc, respectively.

2.5.2 Controversies Associated with the 2010 International
Consensus on CPR Science

Although the 2010 CoSTR was a major success, there are always aspects that can
be improved. The process was highly time-consuming and very expensive. Inev-
itably, some authors failed to complete their reviews on time, or even at all. In
some areas, there was failure to reach consensus, usually because data were
lacking or there was disagreement on interpretation. Dealing with late-breaking
science is problematic—important science should be included but there is a danger
that it is not treated with the same rigor as other studies. Since the 2010 confer-
ence, many discussions have taken place on the best way forward for reviewing
resuscitation science and the plans for 2015 are discussed below.

2.5.3 The Formula for Survival

The ILCOR Advisory Statement on Education and Resuscitation in 2003 included
a hypothetical formula—‘‘the formula for survival (FfS)’’—whereby three inter-
active factors, guideline quality (science), efficient education of patient caregivers
(education), and a well-functioning chain of survival at a local level (local
implementation), form multiplicands in determining survival from resuscitation
[36] (Fig. 2.1 and Table 2.3). In May 2006, a symposium was held to discuss the
validity of the formula for survival hypothesis and to investigate the influence of
each of the multiplicands on survival. A summary of this symposium is in press.
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The components that were considered to optimize local implementation, the
third multiplicand in the FfS, included:
• Local champion and effective team to steer the process [61–63].
• Simple protocol and an approved order set crossing all departments and dis-

ciplines involved in the care process [64].
• Identify and target site-specific barriers to routine implementation (political,

legislative, cultural, or professional) [65].
• Buy-in through personal, group, and organizational ownership and partnership

with the required resources to make it happen at the local level.
• Constant feedback based on goal-directed benchmarks. An effective imple-

mentation strategy must appeal to the majority of individuals regardless of
speed of adoption to optimally affect the outcome.

• Constant measuring of quality and outcome. Participants should be engaged in
the process and encouraged to perform research and publish their findings in
local publications, media, as well as in peer-reviewed journals.

2.6 The Future for Consensus Development in Resuscitation

The science of resuscitation is evolving rapidly. It would not be in the best
interests of patients if resuscitation experts were to wait 5 or more years to inform
healthcare professionals of therapeutic advances in this field. New science must be
reviewed continually; if major new research is published, groups such as ILCOR

Table 2.3 Components of the formula for survival (adapted from Chamberlain et al. [36] with
permission)

1. Guideline
quality

2. Efficient
education of
patient caregivers

3. A well-
functioning local
chain of survival

Patient survival relative to
theoretical potential (factors
multiplied)

Utopia 1 1 1 =1.00

Ideal 0.9 0.9 0.9 =0.72

Attainable 0.8 0.9 0.5 =0.36

Actual 0.8 0.5 0.5 =0.20

Medical
Science

Educational
Efficiency

Local
Implementation

Survivalx x =

Fig. 2.1 The formula for survival
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should publish interim consensus advisory statements to update treatment guide-
lines. The planning for a consensus conference on resuscitation in 2015 is well
underway. The intention is to design a process that enables continual review and
updating online. Ultimately, the resource for evidence reviews, consensus on CPR
science statements, and treatment recommendations will be a website instead of
conventional journal publications. The 2015 evidence review is following the
GRADE process [1–3], which will bring it into line with most other international
guideline-producing organizations. One of the advantages of the GRADE system
is that it is possible to make a ‘‘strong’’ recommendation (most clinicians would
use the intervention in most circumstances and most well-informed patients would
accept it) even if the quality of the evidence is low [66].
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3Trauma Systems and Trauma Care

Kelly N. Vogt, Philip D. Lumb and Demetrios Demetriades

3.1 Introduction

Trauma systems are designed to care optimally for a population and its injured
members. These systems extend far beyond in-hospital care of the injured patient.
They must also include injury prevention, prehospital care, hospital care, educa-
tion, and research, as well as long-term rehabilitation and recovery. Trauma sys-
tems require coordination between hospitals, physicians, nurses, allied health
professionals, policy makers, governing bodies, community leaders, and many
others to be successful. This review will describe the history and development of
trauma systems, the key components of such systems, and the impact that trauma
systems have on a population.
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3.2 History of Trauma Systems and the Development
of the American Trauma System

Although the foundations arose from military conflicts, the American College of
Surgeons Committee on Trauma was instrumental in the creation of the modern
day trauma system in America. In 1966, the Committee on Shock and the Com-
mittee on Trauma of the Division of Medical Sciences of the National Academy of
Science/National Research Council published the landmark ‘‘Accidental Death
and Disability: The Neglected Disease of Modern Society’’ [1]. In this report,
injury was identified as the ‘‘neglected epidemic,’’ and leadership to overcome this
epidemic was encouraged. The focus of this document was on research, education,
and training for those involved in the care of the injured patient from the
prehospital phase to the acute care institution. As such, the initial trauma systems
in this country were focused primarily on the prevention of unnecessary death in
the severely injured patient [2]. The ‘‘Accidental Death and Disability’’ report laid
the groundwork for what would eventually become trauma center designations, as
well as the emergence of the specialty of Emergency Medicine [1]. The concept of
trauma registries and quality improvement can also be traced back to this report,
with a brief mention also made on the need for research, education, and regulations
aimed at injury prevention.

After the publication of ‘‘Accidental Death and Disability,’’ regionalized
trauma systems began to emerge throughout the US, starting in Maryland, Illinois,
and Virginia [3]. These efforts were furthered in the late 1970s by the American
College of Surgeons Committee on Trauma publication ‘‘Optimal Hospital
Resources for the Care of the Seriously Injured’’ [4]. This document provided a
framework not only for care, but also for evaluation of care, and for the first time,
suggested criteria for the categorization of hospitals based on the ability to provide
varying degrees of trauma care. There have been multiple revisions of this doc-
ument since its initial publication, and references can be found in the operating
procedures of many American trauma centers.

In the early 1980s, in response to the personal tragedy of an orthopedic surgeon,
the American College of Surgeons Committee on Trauma initiated the Advanced
Trauma Life Support (ATLS) Course [5]. The ATLS course is designed to train all
providers in the initial stabilization and life-saving techniques vital in the early
management of the critically injured patient. Training in the standardized initial
assessment and management of the injured patient has been shown to improve
knowledge of what to do in an emergency situation [6], as well as outcomes [7],
and has become an important part of many trauma systems.

Finally, as trauma systems have evolved, so has the understanding that the
focus must expand from the immediate care of the injured patient to include
prevention, education, and long-term recovery [2]. The National Research Council
published a document entitled ‘‘Injury in America: A Continuing Health Care
Problem’’ in 1985 [8]. This report outlined the progress to date on the development
of trauma systems, and, while recognizing the importance of the trauma systems
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present at the time, the overall progress toward organization was felt to be limited.
Further, the importance of research on epidemiology and injury prevention was
again stressed in this document, coinciding with a decision to identify the Centers
for Disease Control as the coordinating body for American injury research.

Today, both the American College of Surgeons Committee on Trauma and the
American College of Emergency Physicians work with a goal of improving the
care of the injured patient [9]. The foundations laid have contributed to the
ongoing development of trauma systems and, though the process continues to be in
evolution, have educated the involved parties on the importance of such systems.

3.3 Components of a Trauma System

3.3.1 Prehospital Care

Efficient and effective identification, management, and transportation of patients
from the scene of injury to specialized trauma centers are essential components of
any trauma system. For those sustaining injury, prehospital personnel will be the
first point of contact with the trauma system, and these personnel, along with the
system in which they work, can have a direct impact on the patient’s outcome. A
comprehensive trauma system requires easy access to the system in the prehospital
setting. Further, both the training of the prehospital personnel and the mechanisms
in place to safely and expeditiously transport patients are vital.

Trained Emergency Medical personnel deliver the majority of prehospital care.
Providers are typically Emergency Medical Technicians (EMTs), trained and
certified for varying degrees including basic and advanced life support [9]. The job
of these EMTs extends beyond the clinical patient care provided to include
important roles in triage and prioritization, as well as education and safety. Triage
in the prehospital setting can be a complex process, and includes adequately
determining the appropriate facility to which to transport a given patient to, as well
as determining which patients to prioritize when faced with a multiple casualty
situation. EMTs work within a system that requires coordinated transportation
systems, as well as access to remote backup from experienced EMTs and physi-
cian medical directors [9]. In extreme circumstances, it may even be necessary for
trained medical personnel, including physicians, to travel to the prehospital setting
to assist with triage or medical care of patients who cannot be evacuated, and an
effective prehospital system will have a mode to facilitate this process.

In the presence of highly trained EMTs, the question arises as to whether or not
time should be spent stabilizing the patient in the field, or if it is better to ‘‘scoop
and run’’ to the nearest hospital or trauma center. Despite the clinical skills of
many EMTs, procedures and interventions beyond the level of basic life support in
urban centers have not been shown to improve outcomes, and in fact may worsen
outcomes compared to patients who are simply removed from the scene and
rapidly transported to more definitive care [10, 11]. A similar strategy of minimal
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intervention applies to prehospital fluid resuscitation, with evidence supporting
restriction of fluid administration prior to hospital arrival [12]. Delays in transport
to a trauma center, even when patients are transported quickly to hospital, appear
to be associated with an increased mortality [13].

Much has been written on the most efficient way to transport the injured patient.
The most common modes discussed include ground transportation, helicopter, and
fixed wing aircraft. Though helicopter transport was considered by many to be
ideal, the importance of location is paramount in the discussion of the ideal mode
of transportation, as are local factors including weather and traffic. Further,
identification of the severely injured patient most likely to benefit from helicopter
transport is essential [14, 15]. Heterogeneity in the literature surrounding the
impact of helicopter transport on the outcomes for trauma patients makes defini-
tive conclusions difficult. A recent Cochrane review of this topic concluded that an
accurate composite estimate of the benefits of helicopter emergency medical
services could not be made based on the available evidence, and that further
research is required in this area [16]. What appears clear from the literature is that
the most rapid form of transport is likely the best [9]. Therefore, for patients in
urban areas at the time of injury, there may be little benefit to air transportation
over traditional ground transportation [15]. Additionally, in this setting, there may
be an increased risk associated with the risk of crash during air transportation. For
patients in rural settings at the time of trauma, this risk is outweighed by the
benefit of expedited transport to specialized care that is typically some distance
away.

3.3.2 Hospital Care

Of all the components of a trauma system, the hospital care of the injured patient is
the most discussed, and therefore the most established. As previously mentioned,
the initial foundations of trauma systems focused on the in-hospital care of the
injured patient, from the initial resuscitation to the operative management to the
post-injury convalescence and prevention of secondary insult. The importance of a
coordinated effort in response to the arrival of a trauma patient cannot be under-
stated, and will be discussed further below.

To better delineate a given hospital’s capabilities to manage the acute trauma
patient, the concept of trauma center verification was introduced. This process
involves evaluating a given center in five key areas: institution commitment to
trauma care; injury volume and acuity; facility layout, dedicated material, and
human resources; operation of the clinical trauma team; and the trauma perfor-
mance improvement program [17]. Verification of these components and desig-
nation of a trauma center level are performed in many places by the American
College of Surgeons, though it is important to recognize that this task may fall to
other bodies as well. Trauma centers are designated from level I to level IV based
on available resources and involvement in trauma systems. Level I trauma centers
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are leaders in the trauma field, and are the specialists in trauma care. Level IV
trauma centers are typically found in small rural areas, and focus only on initial
stabilization of the patient prior to transfer to a larger facility for definitive
management. The American College of Surgeons recently recommended that all
level I trauma centers admit at least 1,200 patients per year, with at least 240 of
these being severely injured, while others suggest a threshold of 915 patients,
irrespective of injury severity [18]. Though the exact number of patients required
appears to remain unknown, it is clear that level I trauma centers should be high-
volume centers to maximize patient outcomes.

Triage, though traditionally thought of in the prehospital setting, also has an
important role to play in in-hospital care. Some patients will be initially triaged to
a hospital without the expertise or resources required for their care, while others
will develop complications requiring more specialized care. In such circumstances,
a rapid method for identification and transfer of such patients to an appropriate
center must exist. The risks of patient transport should be balanced against the
need for more specialized care [19, 20]. Further, even within a specialized trauma
center, multiple patients may require care with limited resources. In such cir-
cumstances, physicians must decide how best to share these limited resources for
the best possible care of all patients.

3.3.3 Rehabilitation

In recent years, more recognition is being given to the importance of post-injury
rehabilitation. The majority of trauma patients are young, previously healthy,
productive members of society. As such, the importance of rehabilitation to the
previous level of functioning is paramount.

The process of rehabilitation includes both physical and psychological com-
ponents, and should begin as early as possible in the patient’s injury course [21]. A
recent retrospective review by Clark and colleagues compared trauma and burn
intensive care unit patients before and after implementation of an early mobility
program [22]. Early mobilization was associated with a decrease in pulmonary and
vascular complications without an increase in adverse events. In recovery from
brain injury, active high-intensity rehabilitation programs have been shown to lead
to improved functional outcomes particularly in those with injury due to trauma
[23]. With admission to acute inpatient rehabilitation, the majority of patients with
even severe traumatic brain injury will be able to achieve independent ambulation
[24], an outcome of significant importance post-injury. The importance of psy-
chosocial support must also be recognized post-injury. Strategies shown to be
effective to assist in psychosocial rehabilitation and coping with post-injury
include inpatient counseling, acute rehabilitation, and telephone-based community
counseling [25–27]. Such strategies should be in place for a successful trauma
system. Further, up to 32 % of patients may develop posttraumatic stress disorder
after trauma, and early identification and psychological intervention should be
considered for successful prevention and recovery [28, 29].
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3.3.4 Injury Prevention, Education, and Research

It is estimated that over 50 % of deaths due to trauma are preventable in the
preinjury phase [30], and as such, the importance of strategies to prevent injury in
the first place cannot be overestimated. In fact, prevention may be considered the
most important part of any trauma system, though it is often overlooked in favor of
the management of the injured patient. A recent policy review published by Kone
and colleagues highlighted some of the Centers for Disease Control and Preven-
tion’s injury prevention success stories from the last decade [31]. These include the
impact of laws for maximum blood alcohol concentration while operating a
motorized vehicle, the use of child restraints, and programs aimed at the prevention
of shaken baby syndrome. This review also highlighted the ongoing need for not
only research, but also for outcome evaluation and knowledge translation. On the
twentieth anniversary of the establishment of the National Center for Injury
Prevention and Control of the Centers for Disease Control and Prevention,
Greenspan and colleagues published an additional review of the Center’s injury
prevention work [32]. The Injury Center focus lies in four areas: Motor vehicle-
related injury, traumatic brain injury, violence against children and youth, and
prescription drug overdose. Despite these identified foci, however, the Injury
Center attempts to apply the public health model to any injury pattern to identify
prevention strategies and assist in the implementation of such strategies [32].

One important component of both research and quality improvement is the
trauma database or registry. Many individual institutions maintain databases of
prospectively collected demographic, injury, management, and outcome data on
all admitted patients during the acute phase after injury [33, 34]. State-wide reg-
istries, with both mandatory and voluntary reporting, also exist [33]. The National
Trauma Databank is maintained by the American College of Surgeons, and con-
tains data voluntarily contributed by level I and II trauma centers throughout the
country [35]. Trauma registries can be linked to population-level administrative
databases to further improve their inclusiveness [36]. Trauma registries have
numerous applications, including quality improvement, evaluation of clinical
interventions, identifying areas for prevention, and assessment of both pre and
posthospital care [33]. Further, despite the limitations of database-driven research,
these registries provide a rich dataset for conducting retrospective research, and for
identifying areas for prospective research.

3.3.5 Quality Improvement

The ongoing assessment of the structure and function of a trauma system is
imperative to its success. Although quality improvement initiatives should exist at
all levels of a trauma system, perhaps the most recognized is at the level of the
trauma center itself. Quality improvement initiated at the trauma center can reach
to all levels of the system and intervene when required. Bailey and colleagues
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outline the quality indicators for trauma center performance in their 2012 review
[17]. The first is phases of care, including the prehospital, hospital, posthospital,
and secondary prevention phases. Second is the structure, including triage,
information sharing, rehabilitation referral, and prevention such as alcohol
screening. Third is the process, including response times of EMS, wait times in the
ED and hospital, and alcohol recidivism. Fourth, and finally, is outcome, including
not only mortality, but also admission to long-term care and the incidence of
recurrent injury. It is important to recognize that this is just one scheme through
which to approach quality improvement, as there is a paucity of evidence to
support any particular scheme as it relates to outcomes. Nonetheless, a scheme
should remain in place to allow ongoing improvement in any trauma system.

At the level of an individual hospital, even a well-established level I trauma
center will have preventable or potentially preventable mortalities and morbidities
[30, 37]. A system must therefore be in place to identify and learn from these cases
to aid in future prevention [37]. This typically occurs in the form of a regularly
scheduled morbidity and mortality conference, designed to provide a forum for
open discussion and review of complicated patient encounters [38, 39]. Beyond the
individual hospital level, an informative analysis highlighting ongoing quality
improvement at the system level was published by Cryer and colleagues in 2010
[40]. Their analysis focused on two train mass-casualty incidents in Los Angeles.
After the first crash in 2005, a problem with triage to trauma centers was identified.
The majority of patients were triaged to community hospitals as opposed to the
trauma centers, and this was felt to have been related to suboptimal patient out-
comes. As such, a task force was convened to address the system-wide issues, and
to develop a new disaster policy in Los Angeles County. With this new policy in
place, a second train crash in 2008 was handled with greater ease, and the vast
majority of patients were taken directly to a trauma center. On an even bigger
scale, the Trauma Quality Improvement Program was recently created by the
American College of Surgeons [17, 41]. This program is the first of its kind,
designed to provide a risk-adjusted outcome assessment for participating institu-
tions, and a benchmark to compare to other similar institutions [17, 41]. Although
in its infancy, programs such as this can be expected to contribute to the ongoing
quality improvement of trauma centers and systems.

3.4 The Impact of Trauma Systems

The development of trauma systems has impacted favorably on patient outcomes.
Although it is difficult to measure the improvements made in injury prevention, it
is somewhat easier to identify the metric associated with system-wide change. For
example, it has been shown repeatedly that the American College of Surgeons
Committee on Trauma verification process has led to improved outcomes. The
reasons for this are certainly multifactorial, but the role that the system plays in
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this improvement must be recognized. As suggested by Bailey and colleagues in
their review of trauma systems, the commitment of a facility to the resources for
trauma care, as well as the synergy spanning from the highest levels of leadership
to the staff, play an important role [17].

Shackford and colleagues were among the first to assess the impact of trauma
systems on outcome, and found that, compared to an index population, those
triaged to trauma centers after both blunt and penetrating trauma had survival rates
much higher than predicted [42]. The authors attributed this improved survival to
the integration of prehospital and hospital care, and to rapid surgical intervention.
In 1995, Demetriades and colleagues reported on the impact of a dedicated trauma
program after implementation at the Los Angeles County-University of Southern
California Medical Center [43]. This before–after study demonstrated a 43 %
reduction in mortality after penetrating trauma, and a 33 % reduction after blunt
trauma, supporting continued investment in the development of dedicated trauma
programs.

More recently, Durham and colleagues assessed the impact of a mature trauma
system in the state of Florida in 2006 [44]. Results from this study demonstrated an
18 % reduction in the risk of death associated with appropriate triage to a trauma
center.

Similarly, the National Study on the Cost and outcomes of Trauma demon-
strated a 25 % lower risk of death for those cared for in a level I trauma center
[45]. Further, data from this same study were used to demonstrate management in
a level I trauma center to be cost-effective based on quality adjusted life years
gained, particularly for more severely injured and younger patients [46]. In an
analysis of the Glue Grant Trauma Database, Nirula and colleagues demonstrated
that patients who were initially triaged to a non-trauma hospital had a 3.8 times
higher odds of death than those triaged to a trauma center [13]. The impact of
trauma center verification has also been shown for centers that have not achieved
level I status. Piontek and colleagues published a before–after study looking at the
impact of achieving level II status in a community hospital, and demonstrated a
reduction in mortality and cost as well as a reduction in length of hospital stay
[47]. Beyond verification, trauma system processes also appear to have a beneficial
impact. The importance of a dedicated trauma inpatient service to oversee the
complexities of multidisciplinary patient care was highlighted by Davis and col-
leagues [48]. This study demonstrated that, despite an increase in clinical volume,
system efficiency increased significantly with the introduction of a dedicated
trauma team. Ryb and colleagues recently assessed the impact of a delay in
activation of the in-hospital trauma team for patients meeting activation criteria,
and found this delay to be associated with increased morbidity, including length of
hospital stay and associated need for rehabilitation after discharge [49].

34 K. N. Vogt et al.



3.5 The Current State of US Trauma Systems

By 2011, 90 % of the states in America had a state-wide trauma system [17].
Although systems vary widely, the adoption of recommendations for creating a
framework for the care of the community and of the injured patient is encouraging.
Experts in the field value trauma systems, including leadership, evaluation,
research, and formalized operations and procedures [50]. Less encouraging is the
fact that, of these state trauma systems, only 60 % are funded at present [17]. A
lack of funding for a trauma system suggests questionable sustainability, and may
lead to a lapse in the quality of care provided within that system. As such, funding
needs to be aggressively pursued to maintain quality trauma care.

3.6 Conclusions

Trauma systems have an extremely important role to play in a community, and the
development of such systems continues to evolve. A controlled and integrated
response to trauma that is subject to critical review and quality improvement
initiatives improves outcomes for the community and its victims of trauma.
Continued work should focus on the adequate funding of such systems, and
ongoing assessment of emerging strategies for prevention, acute management, and
rehabilitation of the trauma patient.
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Part II

Advances in Cardiopulmonary
Resuscitation (CPR) and Defibrillation



4Compression-Only CPR Versus CPR
with Ventilations

Maaret K. Castrén

4.1 Introduction

Interventions for restoring blood circulation during cardiac arrest were a devel-
opment of the 1960s, when a sequence of interventions was established under the
acronym ABCD: Airway, Breathing, Chest compression, and Defibrillation.
Although to some extent, now modified to take into account priorities of chest
compression over the airway, breathing, and defibrillation, the ABCD acronym
continues to have practical utility, especially for other than primary cardiac causes
of cardiac arrest, such as in newborns, children, and younger adults. Since the
1970s, it has been known that bystander cardiopulmonary resuscitation (CPR) is
beneficial for the patient. After the landmark article by Hallström et al. in 2000 [1],
many groups have vigorously tried to find the right answer to the question of what
kind of CPR should be offered when telephone instructions in a case of cardiac
arrest are given by the dispatcher to the caller. Hallström et al. reported a similar
outcome for instructions to give both compression-only and compression with
ventilations. Of course, here we have to remember that we do not know what kind
of CPR the bystander actually gave to the victim, we only know what kind of
instructions the dispatchers in a randomized way gave to the caller during the
emergency call. This study was terminated earlier than planned and many
researchers felt that it did not give the final answer to the question. In this chapter,
the clinical evidence on chest compression-only or chest compression plus ven-
tilation CPR are summarized.
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4.2 Clinical Evidence

Many registry studies were published in the following years with almost the same
result. In a Swedish study with 11,275 patients receiving bystander CPR (years
1990–2005), the ambulance personnel reported the way in which this CPR was
given on scene when they arrived. In 73 % of the cases the patient received
standard CPR and in only 10 % chest compression-only CPR. From the survival
data on these patients in the Swedish Cardiac Arrest Registry no difference
between these two groups could be seen in the amount of survivors after 1 month
from the cardiac arrest [2]. In a letter to the editor, Ristagno and Gullo pointed out
that the ambulance response time reported by Bohm et al. was only 6 min in
patients treated with chest compression-only CPR, an interval that was signifi-
cantly shorter than that for victims treated with standard CPR [3]. This detail had
them still advocate for standard CPR.

The same year, 2007, Iwami et al. published their retrospective study on 4,902
witnessed cardiac arrests of which 783 received standard CPR and 544 chest
compression-only CPR. Both groups had similar survival, though all were very
low; 4.3 % versus 4.1 % after 1 year from cardiac arrest [4]. Lederer and Wi-
edemann responded to this article and argued that since willingness of bystanders
to initiate CPR depends on a variety of factors, of which distaste for rescue
breathing is not the most important, it could be that only taking away the venti-
lations would not necessarily increase willingness to resuscitate [5].

The study with the most publicity that year, 2007, was the prospective SOS-
KANTO study [6]. The study included 4,068 patients of which 439 received chest
compression-only CPR, 712 standard CPR, and 2917 no CPR at all. The survival
when any CPR was given was twice as high as with no CPR given. They showed
no survival benefit from mouth-to-mouth ventilation, in any of the subgroups and
in their conclusion they state that the preferable CPR for adult witnessed cardiac
arrest patients is chest compression-only CPR. Perkins et al. tried to give these
results an explanation. Minutes after the onset of ventricular fibrillation, a rapid
right-ventricular dilatation takes place and left-ventricular volume falls. Left-
ventricular myocyte stretch is reduced and the heart is unable to generate an
effective contraction. Chest compressions decompress the ventricles, allowing the
opportunity for defibrillation to restore a spontaneous circulation. Even brief
interruptions in compression allow rapid recurrence of ventricular dilatation. This
might contribute to the improved outcomes seen in the study [7]. As a reply to
Lancet for the SOS-KANTO study, Gordon Ewy writes that a major flaw with all
previous guidelines for resuscitation is that they ‘‘recommend the same approach
for two entirely different clinical conditions: primary cardiac arrest where the
arterial blood is well oxygenated at the time of the cardiac arrest, and respiratory
arrest when the arterial blood is so severely desaturated that it contributes to
hypotension and secondary cardiac arrest.’’ He urges in his letter to continue with
standard CPR for respiratory arrest, for example drowning and children, but to
change the guidelines to chest compression-only for witnessed sudden collapse [8].
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Inspired by the Hallström study in 2000, we started planning for a study in
Sweden and Finland. The aim was to confirm the results in a large enough trial.
Unfortunately, the young researcher from Finland himself was a victim of an
unsuccessful resuscitation of a sudden cardiac arrest, so the study presents only the
Swedish results. In the TANGO study, we enrolled 1,276 patients with the
exclusion criteria of children, trauma, and respiratory arrest. They got help by the
caller getting telephone CPR instructions in a randomized way. In the final
analyses, we had 282 in the chest compression-only group and 297 in the standard
CPR group.This study was also stopped early. It is difficult and hard to perform a
study of such magnitude and it was not possible to continue. The result showed
that 19 % survived in the compression-only group and 15 % in the standard CPR
group [9]. These studies were meant for the ILCOR guidelines group, but the
results had not come out yet. The 2010 guidelines stated that there is limited
evidence regarding the survival benefit of telephone CPR instructions and that the
standard method was the way of teaching laypersons.

In a meta-analyses, looking at the three prospective studies with the same aim
Hupfl et al. could show that with chest compression-only the number needed to
treat was 41 and the absolute increase in survival was 2.4 % [10]. In the discus-
sion, after the meta-analyses were published, the European Resuscitation Council
stated that marketing chest compression-only CPR could decrease survival rates.
The authors of the article wrote also that they at no point suggested that chest
compression-only CPR should become the new standard method of CPR to
bystanders. They claimed that readers had misinterpreted and oversimplified the
article. They also wrote that the media was only interested in catchy headlines.
Also, in many professional contexts it was clear that this was how the article and
its results were read; abandon mouth-to-mouth ventilation.

Inspired by the articles, Deakin studied 17 patients in cardiac arrest during chest
compression-only CPR in the emergency department (ED). All the patients were
intubated and a LUCAS was applied on arrival to the ED. LUCAS was modified to
only give passive chest recoil as in manual compressions. All patients were in a
late stage of cardiac arrest. Gas flow and volumes, airway pressures, and CO2
concentration were measured. The median inspiratory tidal volume in passive
ventilation per compression was 41.5 ml. This was less than the measured ana-
tomical dead space, 162.7 ml. What can be said as a conclusion is that passive
ventilation at least in late stage cardiac arrest does not seem to maintain adequate
gas exchange, only the dead space moves in and out [11].

I have wondered if we really use all the possibilities we have to help our
patients. We hear a lot of talk of how bystanders don’t want to give mouth-to-
mouth ventilation and how difficult it is to instruct via the telephone. Not wanting
should not be such a problem since most of the cardiac arrests occur at home, and
mostly it is not the laypersons but the professionals who state that they are not
willing to give mouth-to-mouth to a stranger [12]. No one has yet made a study on
mouth-to-nose in a setting where the dispatcher gives telephone instructions in
cardiac arrest, but a study is made on anesthetized patients. Jiang and colleagues
studied in total 24 patients in general anesthesia. They randomized them into two
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groups and were given mouth-to-nose or mouth-to-mouth ventilations. The result
showed that mouth-to-nose breathing was more effective than mouth-to-mouth in
these adult patients. It would be interesting to find out if this mode of ventilation
can produce better patient outcomes after CPR [13]. At least it should be easier to
perform than mouth-to-mouth ventilation by an untrained bystander.

A survey in three different Norwegian hospitals with 3- and 6-h basic life
support courses showed (N = 361) that only 10.8 % of the participants had
attended a CPR course in the last 6 months, of nurses and physicians 15.5 %
versus 12.5 %. Only 32.7 % had taken an active part in a real cardiac arrest
situation with resuscitation. Only 14 % had acted in more than one resuscitation
[14]. These results show that a cardiac arrest is a frightening situation also for
healthcare professionals, and they rarely have real-life experience in resuscitation.
So, we need to do it as simple as possible. But, is doing it too simple decreasing
survival of some of the important patient groups, like children?. Ogawa et al.
showed in their very large registry study with 20,707 patients a better outcome for
young patients and patients in cardiac arrest of noncardiac origin when they were
given standard CPR. This means that they benefited from getting ventilations, not
only chest compressions [15].

As a conclusion, we need two kinds of instructions: those for adult CPR with
chest compression-only CPR, and those for children and patients with hypoxia
with chest compressions combined with ventilations.
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5Ventricular Fibrillation
and Defibrillation: State of Our
Knowledge and Uncertainities

Roger D. White

5.1 Defibrillation and Resuscitation

We know it when we see it, yet despite decades of experimental and clinical
investigations, the mechanisms that evolve and sustain ventricular fibrillation (VF)
are still not fully clarified. Defining, describing, and understanding VF continue to be
daunting tasks [1, 2]. A description of what we now know as VF was discovered on
Egyptian papyri around 1534 BC: ‘‘If the heart trembles, has little power and sinks,
the disease is advancing….and death is near’’ [1, 3]. Despite these limitations in our
understanding of VF, what we do know is that it can be terminated by delivering
electrical current with defined waveform morphologies and timing to fibrillating
myocardial cells [4–7]. Because of the inexorable degenerative course untreated VF
follows, the timing of defibrillation shock delivery becomes a critical determinant of
the likelihood of achieving a favorable outcome [8]. This chapter will discuss some
of the areas of controversy in defibrillation.

Defibrillation is an electrophysiologic event that occurs within 100–500 ms of
shock delivery (Fig. 5.1). Examination of the rhythm at 5 s after a shock is
accepted as a time-point to assess the efficacy of the shock without distortion of the
electrocardiogram (ECG) by the voltage offset. Figure 5.2 depicts a successful
shock followed by recurrence of VF 9 s later. Resuscitation is a composite of all
interventions, and a useful end-point is restoration of a spontaneous circulation
(ROSC). This distinction between defibrillation and resuscitation is necessary in
order to understand the role and contribution of defibrillation in an overall effort to
restore return of ROSC.
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Fig. 5.1 Progressive degeneration of VF over time. The amplitude, frequency, and VF
waveform upstroke velocity all decline. From: Valderrabano [2]

Fig. 5.2 Ventricular fibrillation was terminated by a shock. Nine seconds later VF recurred after
a short burst of polymorphic ventricular tachycardia (PVT). P waves are visible during the period
following the shock. This is an example of a successful defibrillation shock

48 R. D. White



5.2 Cardiopulmonary Resuscitation First or Shock First

Many studies have been reported assessing the question of whether or not defi-
brillation shocks should be preceded by a period of CPR [9–13]. At this time there
is no evidence that supports one approach over the other. A recent detailed review
and meta-analysis of randomized trials concluded that deferring the initial shock
until a short period of CPR has been performed did not show a survival-to-
discharge benefit over immediate defibrillation irrespective of response time.
There is no evidence of harm in deferring the first shock until a period of CPR has
been done [14]. Most EMS systems will make decisions on this unresolved
question with a strong consideration of response time. The definitive resolution of
this question will very likely be determined by algorithms capable of analyzing the
initial VF with sufficient sensitivity and specificity to predict the outcome of the
shock (Figs. 5.3, 5.4).

Fig. 5.3 The VF morphology is characterized by high amplitude and frequency and sharp VF
waveform upstroke velocity. The shock quickly restored an organized rhythm and ROSC
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5.3 Termination of Recurrent VF

Recurrence of VF after a successful shock is common. Recurrence at least once
was observed in 52–61 % of patients while in the care of Basic Life Support First
Responders [15, 16]. In patients during both Basic and Advanced Life Support, VF
was observed to occur in 74–80 % of patients [17–19]. Frequent refibrillation was
also observed in 67 % of patients in an earlier study describing post-shock rhythms
[20]. The 2005 Guidelines recommended immediate resumption of CPR after a
shock without regard to the post-shock rhythm and continuation of the CPR for
2 min before re-analysis of the rhythm [21]. With this approach persistent or
recurrent VF can continue for at least 2 min after a shock (Fig. 5.5); the impli-
cations of this post-shock CPR period warrant a reconsideration. (1) A recent
experimental study documented the high oxygen demands of VF [22]. In that study
VF was shown to impair restoration of creatine-phosphate levels during simulated
CPR. (2) It is assumed that CPR will be performed with such high quality that this
high oxygen demand will be met for periods of two or more minutes. (3) The
median duration of VF was shorter with shocks that were followed by ROSC. This
observation was applied to both initial and recurrent VF [23]. These investigators
concluded that detection of VF during ongoing chest compressions might be
helpful because of this relationship between shorter duration of VF episodes and
ROSC. Their recommendation was that recurring VF should be shocked as soon as

Fig. 5.4 Compared with the VF in Fig. 5.3 the VF here is of relatively low and varying
amplitude but the frequency is sufficient to warrant a shock, which was followed by an organized
rhythm during post-shock CPR
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possible. (4) Chest compressions can induce VF quickly after resumption of post-
shock chest compressions and thus permit VF to continue for nearly 2 min before
re-analysis of the rhythm and delivery of a shock [24–27]. Berdowski and col-
leagues reported that time in recurrent VF is associated with worse outcomes and it
is thus desirable to terminate recurrent VF as soon as possible because survival
decreases with every minute that the next shock is postponed [24]. An analysis of
the performance of the amplitude spectral area and slope to predict defibrillation
in out-of-hospital cardiac arrest concluded that for recurrent VF a shock should be
delivered immediately upon detection [28]. What then can be considered for
modification in terminating recurrent VF? Certainly the well-established benefit of
minimally interrupted CPR must be weighed against any modification of the 2 min
CPR period after a shock. As resuscitation progresses in time the role of CPR
becomes increasingly crucial. (Figs. 5.6, 5.7).

Fig. 5.5 After a successful shock VF resumed at 10:35:08. At 10:37:09, a shock was delivered.
Nine seconds later at 10:37:18, PVT was followed by recurrent VF
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In 2001 Blouin and colleagues reported their experience with recurrent VF [29].
Using tape-recorded ECG data in 376 shocks, in 96 patients there were 22 shocks
with recurrence of VF in 3 min or less. In their experience VF recurred within 6 s
after a shock in only 20 % of recurrences, and in 73 % at 60 s. They suggested
performing CPR for 30 s after a shock in order to capture the largest number of
recurrences. Yet their conclusion was that recurring VF should be acted on rapidly
[29].

An action plan proposal to confront recurrent VF was described and illustrated
in an editorial in response to the Blouin study [30]. Amplification of that approach
might be a basis for change. During the first several minutes of intervention in VF,
recurrent VF should be recognized by the algorithm or operator quickly after onset
and a shock delivered as soon as possible (Fig. 5.8). After 2–3 shocks, if VF
continues to recur, other measures, including minimally interrupted CPR and anti-
arrhythmic therapy, will be necessary. Advances in algorithm design and function
will provide accurate recognition of shockable VF without distortion of ECG
interpretation by chest compression artifact. Already major improvements in
algorithm performance are being reported, such as faster times to a shock advisory
following cessation of chest compressions and the optimal timing of defibrillation

Fig. 5.7 Red arrows indicate chest compressions in two patients (a and b). In both patients VF
resumed at the asterisk, shortly after compressions were resumed. In the patient depicted in (a)
the third compression occurred during ventricular repolarization. From: Osorio et al. [27]

Fig. 5.6 At A, rhythm analysis was commenced, followed by CPR (sCPR). The first shock
terminated VF but VF resumed after a few chest compressions. Two minutes of CPR then
continued with ongoing VF before the next rhythm analysis. Adapted from: Berdowski et al. [24]
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by waveform analysis during CPR [3–32]. Sensitivity of over 90 % has been
shown to be feasible in recognition of noise-free VF during CPR [33]. Suppression
of CPR artifacts using the chest compression rate extracted from the thoracic
impedance recording acquired from the defibrillation pads has been demonstrated
to be as accurate as methods based on information acquired from CPR feedback
data [34]. Continued enhancement of sensitivity and specificity is needed to sep-
arate CPR artifact from the ECG to eliminate unacceptable interruptions in CPR.
These very recent studies make it evident that we are moving rapidly in that
direction. Then prolonged periods of recurrent VF will be minimized with the
prospect of more frequent return of an organized rhythm and probably ROSC [13].

5.4 Conclusions

Advances in the treatment of VF, both in defibrillation waveform design and in
clinical practice, have contributed significantly to improved outcomes from out-of-
hospital cardiac arrest with VF as the initial rhythm. Areas of uncertainty and
controversy remain and continue to be subject to ongoing discussion and study.
These areas include the appropriate application of CPR first or defibrillation first.
For this decision it is very likely that algorithms with high sensitivity and

Fig. 5.8 Recurrent VF was detected quickly after the first shock and 12 s after onset of
recurrent VF a shock restored an immediate organized rhythm. From: (2001) Ann Emerg Med
38(3):278–281 [30]
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specificity will continue to evolve that will separate VF likely to benefit from a
shock first or from CPR first. Because of the very high incidence of recurrent VF
and the high oxygen demand of this arrhythmia there is considerable agreement
that recurrent VF should be terminated as soon as it is recognized. Again, algo-
rithms that separate chest compression artifact from the underlying rhythm will
enable this to occur without unduly compromising ongoing CPR. This is most
likely to be clinically applicable in the first several minutes of resuscitation when
VF recurs frequently.

References

1. Karagueuzian HS (2004) Ventricular fibrillation: an organized delirium or uncoordinated
reason? Heart Rhythm 1:24–26

2. Valderrabano M (2011) Deciphering the electrogram in ventricular fibrillation to extract
physiological information. Heart Rhythm 8(5):750–751

3. Breasted JH (1930) The Edwin Smith surgical papyrus. University of Chicago Press, Chicago
4. White RD (2002) New concepts in transthoracic defibrillation. Emerg Med Clin N Am

20:785–807
5. Chen B, Yin C, Ristagno G, Quan W, Tan Q, Freeman G, Li Y et al (2012) Retrospective

evaluation of current-based impedance compensation defibrillation in out-of-hospital cardiac
arrest. Resuscitation doi:10.1016/j.resuscitation.2012.09.017 (Epub ahead of print)

6. Daubert JP, Sheu SS (2008) Mystery of biphasic defibrillation waveform efficacy. JACC
52(10):836–838

7. Darragh KM, Manoharan G, Maio R et al (2012) A low tilt waveform in the transthoracic
defibrillation of ventricular arrhythmias during cardiac arrest. Resuscitation 83:1438–1443

8. Chen PS, Wu TJ, Ting CT et al (2003) A tale to two fibrillations. Circulation 108:2298–2303
9. Cobb LA, Fahrenbruch CE, Walsh TR et al (1999) Influence of cardiopulmonary

resuscitation prior to defibrillation in patients with out-of-hospital ventricular fibrillation.
JAMA 281(13):1182–1188

10. Wik L, Hansen TB, Fylling F et al (2003) Delaying defibrillation to give basic
cardiopulmonary resuscitation to patients with out-of-hospital ventricular fibrillation.
JAMA 289(11):1389–1395

11. Jacobs IG, Finn JC, Oxer HF, Jelinek GA (2005) CPR before difibrillation in out-of-hospital
cardiac arrest: A randomized trial. Emerg Med Australas 17:39–45

12. Baker PW, Conway J, Cotton C et al (2008) Defibrillation or cardiopulmonary resuscitation
first for patient with out-of-hospital cardiac arrests found by paramedics to be in ventricular
fibrillation? A randomized control trial. Resuscitation 79:424–431

13. Koike S, Tanabe S, Ogawa T et al (2011) Immediate defibrillation or defibrillation after
cardiopulmonary resuscitation. Prehosp Emerg Care 15:393–400

14. Simpson PM, Goodger MS, Bendall JC (2010) Delayed versus immediate defibrillation for
out-of-hospital cardiac arrest due to ventricular fibrillation: a systematic review and meta-
analysis of randomized controlled trials. Resuscitation 81:925–931

15. White RD, Russell JK (2002) Refibrillation, resuscitation and survival in out-of-hospital
sudden cardiac arrest victims treated with biphasic automated external defibrillators.
Resuscitation 55:17–23

16. Hess EP, White RD (2004) Recurrent ventricular fibrillation in out-of-hospital cardiac arrest
after defibrillation by police and firefighters: implications for automated external defibrillator
users. Crit Care Med 32(9) Suppl:S436-S439

17. van Alem AP, Post J, Koster RW (2003) VF recurrence: characteristics and patient outcome
in out-of-hospital cardiac arrest. Resuscitation 59:181–188

54 R. D. White

http://dx.doi.org/10.1016/j.resuscitation.2012.09.017


18. Koster RW, Walker RG, Chapman FW (2008) Recurrent ventricular fibrillation during
advanced life support care of patients with prehospital cardiac arrest. Resuscitation
78:252–257

19. Hess EP, Agarwal D, Myers LA et al (2011) Performance of a rectilinear biphasic waveform
in defibrillation of presenting and recurrent ventricular fibrillation: a prospective multicenter
study. Resuscitation 82:685–689

20. Gliner BE, White RD (1999) Electrocardiographic evaluation of defibrillation shocks
delivered to out-of-hospital sudden cardiac arrest patients. Resuscitation 41:133–144

21. American Heart Association guidelines for cardiopulmonary resuscitation and emergency
cardiovascular care, part 3: defibrillation. 2005 Circulation 112:III17–III24

22. Hoogendijk MG, Schumacher CA, Belterman CNW et al (2012) Ventricular fibrillation
hampers the restoration of creatine-phosphate levels during simulated cardiopulmonary
resuscitations. Europace 14:1518–1523

23. Eilevstjonn J, Kramer-Johansen J, Sunde K (2007) Shock outcome is related to prior rhythm
and duration of ventricular fibrillation. Resuscitation 75:60–67

24. Berdowski J, Tijssen JGP, Koster RW (2010) Chest compressions cause recurrence of
ventricular fibrillation after the first successful conversion by defibrillation in out-of-hospital
cardiac arrest. Circ Arrhythm Electrophysiol 3:72–78

25. Berdowski J, ten Haaf M, Tijssen JGP et al (2010) Time in recurrent ventricular fibrillation
and survival after out-of-hospital cardiac arrest. Circulation 122:1101–1108

26. Osorio J, Dosdall DJ, Robichaux RP Jr et al (2008) In a swine model, chest compressions
cause ventricular capture and, by means of a long-short sequence, ventricular fibrillation. Circ
Arrhythmia Electrophysiol 2008:282–289

27. Osorio J, Dosdall DJ, Tabereaux PB et al (2012) Effect of chest compressions on ventricular
activation. Am J Cardiol 109:670–674

28. Shanmugasundaram M, Valles A, Kellum MJ et al (2012) Analysis of amplitude spectral area
and slope to predict defibrillation in out of hospital cardiac arrest due to ventricular
fibrillation (VF) according to VF type: recurrent versus shock-resistant. Resuscitation
83:1242–1247

29. Blouin D, Topping C, Moore S et al (2001) Out-of-hospital defibrillation with automated
external defibrillations: postshock analysis should be delayed. Ann Emerg Med
38(3):256–261

30. White RD (2001) To shock or not to shock: that is the question. Ann Emerg med
38(3):278–281

31. Didon JP, Krasteva V, Menetre S (2011) Shock advisory system with minimal delay
triggering after end of chest compressions: accuracy and gained hands-off time. Resuscitation
82S:S8–S15

32. Li Y, Tang W (2012) Optimizing the timing of defibrillation: the role of ventricular
fibrillation waveform analysis during cardiopulmonary resuscitation. Crit Care Clin
28:199–210

33. Krasteva V, Jekova I, Dotsinsky I, Didon JP (2010) Shock advisory system for heart rhythm
analysis during cardiopulmonary resuscitation using a single ECG input of automated
external defibrillators. Ann Biomed Eng 38(4):1326–1336

34. Aramendi E, Ayala U, Irusta U et al (2012) Suppression of the cardiopulmonary resuscitation
artifacts using the instantaneous chest compression rate extracted from the thoracic
impedance. Resuscitation 83:692–698

5 Ventricular Fibrillation and Defibrillation 55



6Amplitude Spectrum Area to Predict
the Success of Defibrillation

Giuseppe Ristagno and Francesca Fumagalli

6.1 Introduction

In victims of cardiac arrest due to ventricular fibrillation (VF) or pulseless
ventricular tachycardia (VT), cardiopulmonary resuscitation (CPR) in conjunction
with electrical defibrillation (DF) has the potential of re-establishing the return of
spontaneous circulation (ROSC). During cardiac arrest, coronary blood flow ceases,
leading to a progressive and severe energy imbalance. Intra-myocardial hypercarbic
acidosis is associated with depletion of high energy phosphates and correspond-
ingly severe global myocardial ischemia [1, 2]. The ischemic left ventricle becomes
contracted ushering in the stone heart [3, 4]. After onset of contracture, the prob-
ability of successful DF is remote. Early CPR, accounting for a partial restoration of
coronary perfusion pressure (CPP) and myocardial blood flow, delays onset of
ischemic myocardial injury and facilitates DF [5]. Accordingly, VF is characterized
by three time-sensitive electrophysiological phases: The electrical phase of
0–4 min; the circulatory phase of 4–10 min; and the metabolic phase of [ 10 min.
During the electrical phase, immediate DF is likely to be successful. As ischemia
progresses, the success of attempted DF diminishes without CPR. This phase is
characterized by transition to slow VF wavelets during accumulation of ischemic
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metabolites in the myocardium. In the metabolic phase, there is no likelihood of
successful restoration of a perfusing rhythm [6].

Conventional manual chest compressions (CC) are often performed ineffec-
tively and with frequent interruptions, affecting outcome of cardiac arrest [7, 8]. In
addition, CCs create artifacts on the electrocardiographic (ECG) signal such that
pauses in CPR are mandatory for rhythm analysis prior to a DF attempt [9, 10].
Prolonged and frequent interruptions of CPR for rhythm analysis and delivery of
the shock can translate into major compromises in the success of resuscitation
efforts and outcome [11, 12]. Finally, it has now been recognized that the severity
of post-resuscitation myocardial dysfunction is also related to the magnitude of the
electrical energy delivered with DFs [13]. Decision of interrupting CPR for
delivering an electrical shock might be therefore controversial and may lead to
repetitive unnecessary DF attempts and ultimately to worse outcome.

The development of a non invasive and real-time monitoring that allows for
prediction of whether or not a shock would achieve ROSC would be important to
prioritize rescuers’ intervention (CC or DF), reducing the number of failed DF
attempts and CPR interruptions. Electrocardiographic analysis of VF waveform
might represent the best non invasive approach to guide the priority of interven-
tions, namely CC or DF. The initial approaches to ECG analysis included mea-
surements of VF amplitude and frequency [14, 15]. To improve sensitivity and
specificity of the ECG predictors for ROSC, more sophisticated methods of VF
waveform analysis were introduced and investigated, including wavelet decom-
position, nonlinear dynamics methods, and a combination of different ECG
parameter analyses [16–18]. Indeed, many quantitative techniques have been
developed to analyze VF waveform in order to obtain more information about the
state of the myocardium vitality and thereby optimizing DF and CPR maneuvres
[19]. Among them, one of the most accurate is the ‘‘Amplitude Spectrum Area’’
(AMSA). AMSA analysis algorithm can be summarized as follows [20–24]. In
brief, the ECG signal is filtered between 4 and 48 Hz to minimize low-frequency
artifacts produced by CC and to exclude the electrical interference of ambient
noise at frequencies greater than 48 Hz. Analog ECG signals are digitalized and
converted from a time to a frequency domain by fast Fourier transformation.
AMSA is calculated as the sum of the product of individual frequency and its
amplitude (Fig. 6.1), i.e., AMSA =

P
Ai � Fi, where Ai represents the amplitude

at ith frequency Fi.

6.2 AMSA to Predict DF Success

AMSA has been extensively demonstrated to be one of the most accurate pre-
dictors for successful DF, in numerous animal models of cardiac arrest and CPR
[20, 21, 24, 25]. Clinically, the accuracy of AMSA as a tool to predict DF success
was initially confirmed in a retrospective analysis of ECG traces, including 108 DF
attempts with an automated external defibrillator, of 46 victims of cardiac arrest
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due to VF [22]. An AMSA value of 13 mV-Hz predicted successful DF, with a
sensitivity of 91 % and a specificity of 94 %. AMSA, therefore, predicted the
success of electrical DF with high specificity and appeared as a tool to minimize
interruptions of precordial compression and the myocardial damage caused by
delivery of repetitive and ineffective electrical shocks. We have then confirmed the
above results in a subsequent retrospective study including 90 out-of-hospital
cardiac arrests. AMSA values were significantly greater in successful DFs, com-
pared to unsuccessful ones, 16 and 7 mV-Hz, respectively [23]. A threshold value
of AMSA of 12 mV-Hz was able to predict the success of each DF attempt with a
sensitivity of 91 % and a specificity of 97 %. The positive predictive value, which
refers to the proportion of the shocks that were correctly predicted to restore a
perfusing rhythm, was 95 %. The negative predictive value, which instead refers to
the proportion of the shocks that were predicted to fail and actually failed to
restore a perfusing rhythm, was 97 %.

We are continuing our studies for assessing the accuracy of AMSA on pre-
dicting DF success with two concurrent retrospective analyses of two large
datasets, one from US, including 609 out-of-hospital cardiac arrests, and another
from Italy including more than 818 patients.

Study 1: AMSA and DF success on 609 US out-of-hospital cardiac arrest
patients [26, 27].

More in detail, a 1024 point, or 4.1 s, ECG window ending at 0.5 s before DF
was analyzed and AMSA calculated prior to first DF attempts and subsequent DF
delivered in cases of DF-resistant VF. Successful DF was defined as return of an
organized rhythm within 60 s from the attempt. For first and subsequent DFs,
AMSA threshold values were analyzed with regard to their ability to discriminate
among successful and not successful DFs. Sensitivity, specificity, accuracy, and
positive predictive values (DF success rate) of an AMSA-based decision algorithm
were calculated. The DF performance was then compared between two DF deci-
sion algorithms with and without AMSA threshold, respectively. Before the first
DF, mean AMSA was 16.8 mV-Hz when shocks were successful, while it was

Fig. 6.1 Fast fourier transformation (FFT) with AMSA calculation
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11.4 (p \ 0.0001) in those that were not. After the first DF, AMSA significantly
decreased, but remained higher in successful shock episodes (15.0 vs. 7.4 mV-Hz,
p \ 0.0001). For the DF decision algorithm without AMSA, the DF success rate
and accuracy were 27 %/27 % for the first DFs, and 9 %/9 % for the subsequent
DFs, respectively. An optimized AMSA threshold was found to be 14 mV-Hz for
first DFs, and 12 mV-Hz for subsequent ones. Incorporation of these AMSA
thresholds into a DF decision algorithm increased both DF success rate and
accuracy. The first DF achieved a DF success rate of 54 % and an accuracy of
75 %, while subsequent DF attempts achieved 42 % in DF success rate and 89 %
in accuracy. These results translated into an increase in DF success rate and
accuracy by 100 and 180 % for the first DFs and 360 and 880 % for the subsequent
DFs (Fig. 6.2). Moreover, considering lower AMSA values, with an AMSA
threshold of 7.5 mV-Hz, a large amount of unnecessary DFs (35 % for the first DF
and 50 % for the subsequent DFs) were avoided by using AMSA with the accuracy
of 93 % for the first DF and 95 % for the subsequent DFs (Fig. 6.3).

Study 2: AMSA and DF success on 818 Italian out-of-hospital cardiac arrest
patients [28].

In a highly populated area of northern Italy, we evaluated the capability of AMSA
to predict DF outcome in out-of-hospital cardiac arrests. We hypothesized that
threshold values of AMSA could be identified such to be used as a guide for CPR
intervention, i.e., CC or DF. ECG data recorded by automated external defibrillators
from different manufactures were obtained from 8.419 cardiac arrest events
occurring in seven cities in Lombardia Region, Italy, between 2008 and 2009.

Fig. 6.2 Improvements in DF performance as a function of AMSA thresholds
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Among these events, only VF/VT cardiac arrests receiving DFs were selected
(n = 984). A 2 s ECG window ending at 0.5 s before DF was analyzed and AMSA
calculated. DF was defined as successful in the presence of spontaneous
rhythm [40 bpm starting within 60 s from the shock. Threshold values of AMSA
able to discriminate among successful and not successful DFs were individuated and
sensitivity, specificity, accuracy, positive, and negative predictive values (PPV,
NPV) of the AMSA-based decision algorithm were calculated. Finally, area under
the receiver operating characteristic (ROC) curve was measured. A total of 1,969
quality DF events, including 818 first attempts and 1151 subsequent ones, from 818
out-of-hospital cardiac arrests were included in the analyses. DF success rates were
26.9, 27.7, and 26.4 % for all, first, and subsequent DFs, respectively. AMSA was
significantly greater prior to successful DFs compared to that preceding unsuccessful
ones (13.8 vs. 6.9 mV-Hz, and 13.9 vs. 6.8 mV-Hz, and 13.7 vs. 7 mV-Hz, for all,
first, and subsequent DFs, respectively, p \ 0.0001). Intersection of sensitivity,
specificity, and accuracy curves identified a threshold value of AMSA of approxi-
mately 9.5 mV-Hz able to predict DF outcome, with a balanced sensitivity, speci-
ficity, and accuracy of 80 %, for all, first, and subsequent DFs. Moreover,
intersection of PPV and accuracy curves identified a threshold value of AMSA of
approximately 15 mV-Hz able to predict a successful DF with a PPV and accuracy of
80 %, for all, first, and subsequent DF attempts. AMSA values greater than 27 mV-
Hz correctly predicted the success of DF with a PPV value of 100 %. AMSA below
8 mV-Hz correctly predicted the DF failure with an NPV of [95 %, for all, first, and

Fig. 6.3 Percentage of avoided unnecessary defibrillation attempts for different AMSA
thresholds, with an AMSA-based algorithm
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subsequent DFs. Area under ROC curves was 0.872, 0.869, and 0.875 for all, first,
and subsequent DFs, respectively, (p \ 0.0001).

6.3 AMSA to Assess CPR Quality

Existing predictors of successful CPR intervention include CPP, and end-tidal CO2

(EtCO2) [29, 30]. CPP and EtCO2 values generated during CPR are directly
related to the depth of the CCs and threshold levels have been identified as the
leading prognosticators of the success of the resuscitative maneuvres. CPP
assessment, however, is generally inapplicable in preclinical settings, while por-
table capnometers are not widely available and require endotracheal intubation.
These restraints are in contrast with AMSA analysis, which is a simple parameter
easily obtained by routine availability of the ECG available in current external
defibrillators.

Since CCs are usually performed without feedback and relatively small changes
in the depth of compression profoundly alter hemodynamic effectiveness and
outcomes, there is an increasingly recognized need for a monitor of effectiveness
of CCs. Thus, compression depth has been estimated by measuring the compres-
sion and decompression displacements with force transducers or accelerometers
[31]. These approaches with real-time visual and audible feedback during CPR
have shown to improve the quality of CPR to more closely conform to guidelines,
but no improvements in both ROSC and other clinical outcomes. In addition, CPR
feedback devices with accelerometers may overestimate compression depth when
compressions are performed on a soft surface [32, 33]. Yet, these techniques do not
reflect the physiological effectiveness of CCs. The ECG and in turn AMSA
analyses have the advantages of detecting changes in the electrical status of the
myocardium during CPR. AMSA indicator would be expected to correlate with
measurement of myocardial perfusion.

We have previously [24] reported the possibility of assessing CC depth utilizing
AMSA, in a porcine model of cardiac arrest and CPR, in which animals were
randomized to optimal or suboptimal depth of mechanical CC. Like threshold
value of CPP, AMSA threshold value was achieved contingent on the depth of
compressions such that AMSA increased progressively during CCs, and like CPP,
predicted the likelihood of successful DF. We are now confirming that AMSA is
an indicator of CC depth in human patients. A sub-analysis, in fact, was conducted
on DF events obtained from 303 patients, for whom CC depth data were available
together with ECG traces. Depth of chest compression was measured from a CPR
feedback accelerator sensor output signal and registered by the AEDs. Changes in
AMSA values between consecutive DF attempts were analyzed in relation to depth
of compression. The average CC depth was below the current recommended depth
of at least 2 inch, i.e., 1.3 ± 0.06, 1.5 ± 0.05, and 1.5 ± 0.08 inch, prior to the
first, second, and third DF attempt, respectively. The average cutoff value of CC
depth of 1.75 inch was therefore considered for the analysis. For patients with an

62 G. Ristagno and F. Fumagalli



average depth of \1.75 inch, AMSA values decreased by 3.9 mV-Hz between the
first and second DF attempt (p\ 0.001). AMSA further decreased between the
second and third DF attempt, when CC depth was \1.75 inch. By contrast, for
patients with an average depth [1.75 inch, AMSA was equivalent for the first and
second DF attempt (p = 0.47) and then increased by 1.7 mV-Hz between the
second and third DF attempt (Fig. 6.4). AMSA values therefore decreased within
consecutive shocks during shallow CCs, while they increased when CCs were of
greater depth. Therefore, when the real-time AMSA value is of insufficient
magnitude, the rescuer would be prompted to push harder and perhaps to push
faster.

6.4 Conclusions

Indeed, the effectiveness of CCs in relation to the timing of DF has been a subject
of major interest. Based on available evidence, the 2005 guidelines for CPR had
diminished enthusiasm for early DF in favor of an initial interval of CCs [34].
Nevertheless, the recent 2010 guidelines for CPR have highlighted the insufficient
evidence to recommend for or against delaying DF to provide a period of CC and
called again for rapid DF [35]. Accordingly, the duration of VF is rarely known,
especially in the out-of-hospital setting and thereby it is not reliable to determine
the priority of CPR based on the duration of the untreated cardiac arrest. Moreover,
there is insufficient evidence to determine the optimal duration of the CPR interval
prior to DF. A real-time AMSA analysis would be a useful tool to guide decision
for the most appropriate treatment, namely CC or DF, when rescuers arrive at the
cardiac arrest scene. AMSA had the additional promise of monitoring the
effectiveness of CC together with predicting for the optimal timing of DF.

Fig. 6.4 Relationship between chest compression (CC) depth and AMSA
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The capability to measure AMSA without additional instrumentation by aug-
mentation of software in existing AEDs would make this option especially
attractive. Moreover, AMSA by reducing futile interruptions in CC for the delivery
of a failing DF, would potentially ameliorate also post-resuscitation myocardial
dysfunction. Even minimal interruptions of less than 4 s generate declines in
myocardial perfusion to near 40 % [36]. Particularly, the duration of interruptions
in CC during prehospital CPR for rhythm analysis alone and delivery of a DF have
been of more than 20 and 24 s, respectively [37]. Thus, real-time analyses of
AMSA, with the potential advantage of not being invalidated by artifacts produced
by CC, might be continuously performed during CC thereby reducing further
detrimental interruptions. The major limitation of the current studies on this topic
was that they included only retrospective analyses. Thus, a prospective study
directed to validate the safety and the potential benefit of an AMSA-guided CPR
has to be planned and performed. This limitation notwithstanding, there is con-
sistent evidence that AMSA analysis represents a clinically applicable method,
which may provide a real-time indication for DF timing and efficacy of CC.
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7The Importance of Automated
External Defibrillation
Implementation Programs

Fulvio Kette, Yongqin Li, Bihua Chen, Marcella Bozzola,
Aldo Locatelli, Guido Villa, Alberto Zoli and Marco Salmoiraghi

7.1 Emphasis on Early Defibrillation: From Clinical
Observation to Current Guidelines

The annual incidence of sudden cardiac arrest (CA) is higher than the annual
incidence of Alzheimer’s disease, diabetes, car accidents, breast cancer, prostate
cancer, and house fires combined in the U.S. [1]. In patients who are in ventricular
fibrillation (VF), the application of early external electrical countershock has been
widely accepted as basic cardiopulmonary resuscitation (CPR) is unlikely to
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convert VF into a normal rhythm and to guarantee a return of spontaneous cir-
culation (ROSC).

Prehospital defibrillation by ambulance-transported physicians was first estab-
lished in Belfast in 1966 with an overall significant improvement in the prehospital
care. Some notable developments included the tiered response system, training of
the general public in CPR, low-energy defibrillators, automatic external defibril-
lators (AEDs), and 12-lead electrocardiographic telemetry. Unfortunately, emer-
gency medical systems (EMS) with equipped defibrillators sometimes arrive at the
scene too late.

Although the deployment of defibrillators is becoming more widespread, it is
not as prevalent as one might think. Some estimates suggest that 90 % of ambu-
lances, 10–15% of first-response fire department vehicles, and less than 1% of
police vehicles carry defibrillators [2]. Provision of CPR, while waiting for the
defibrillator, is of vital importance since it contributes to the preservation of heart
and brain function. When performed immediately after collapse from VF, CPR can
double or triple the victim’s chance of survival, particularly when more than
4–5 min have elapsed from collapse to rescuer intervention [3]. The ILCOR
recommendations, converted into the separate American Heart Association (AHA)
and European Resuscitation Council (ERC) Guidelines, emphasized the impor-
tance of improving chest compressions in terms of depth, rate, and as little
interruptions as possible, i.e., the delay from CPR to defibrillation negatively
affects the ROSC [4–6].

7.2 The AED Technologies

Created in 1978, AED is a particular lightweight portable device with built-in
hardware and software to detect the presence of a shockable rhythm based on ECG
sensors placed on the patient’s chest. These automated devices have been dem-
onstrated to reduce the training for adequate use and have saved thousands of
people’s lives since their invention. Advances in AED techniques over the past
two decades have made the AEDs more reliable, easy to use, and smarter, such as
by adding instrumentations that can monitor the quality of CPR and optimize the
timing of defibrillation during CPR.

AEDs were developed for trained emergency medical technicians (EMTs),
paramedics, firefighters, polices, securities, and untrained bystander lay persons.
The devices therefore must accurately diagnose the lethal arrhythmias without
requiring interpretation of the ECG. Their safety largely depends on the auto-
mation and quick analysis of ECG to reliably discriminate VF and ventricular
tachyarrhythmia (VT) from other rhythms.

Based on the features of diverse nature of the ECG signals (time domain,
frequency domain, time frequency analysis), methods with combined parameters
were evolved to detect the presence of a shockable rhythm [7]. Although the
reliability of the rhythm detection algorithms is convincing, a minimal analysis
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window of 10 s or more is usually required to accurately detect VF/VT in the
current available algorithms. More recently, Li et al. [8] developed a novel con-
tinuous wavelet transformation based on morphology consistency evaluation
algorithm, which can detect VF in the presence of CPR. The performance of this
method was evaluated on both uncorrupted and corrupted ECG signals recorded
from AEDs obtained from out-of-hospital victims of CA. Although there was a
modest decrease in specificity and accuracy when chest compression artifacts were
present, the performance of the proposed method was still superior to other
reported methods for VF detection during uninterrupted CPR. However, the
developed new algorithms still need to be validated on large patient database to
assure high sensitivity for shockable VF/VT and high specificity for non-shockable
rhythms.

7.2.1 From Monophasic to Biphasic Waveforms

Earlier AEDs used monophasic waveforms which deliver the current to the patient
in a single direction (from one electrode to another). Unlike monophasic wave-
forms, the biphasic waveforms are more effective than monophasic waveforms due
to a lesser tendency to reinitiate VF in regions of residual charge left on the
myocardium. The second phase of the biphasic shock is believed to neutralize
virtual electrodes and tissue polarization residual from the first phase. The most
widely used is the biphasic truncated exponential (BTE) waveform, which was
initially developed for implantable cardioverter defibrillator and became the
standard for AEDs in the late 1980s. The advantage of this waveform is that it has
lower defibrillation threshold compared to monophasic defibrillation and could
therefore allow the design of devices that are substantially smaller and lighter than
the monophasic waveform.

The rectilinear biphasic waveform (RBW) was developed specifically for
external defibrillation and takes into account the high and variable patient
impedance levels. It was successfully tested in multicenter, prospective, ran-
domized, transthoracic defibrillator animal, and clinical trials. It has also been
proven to have superior efficacy to monophasic damped sine waveforms and
monophasic truncated waveforms for defibrillation [9, 10]. Another defibrillation
waveform used in AED is the pulsed biphasic waveform (PBW) [11]. As BTE
waveform, the PBW consists of two phases of current flowing in opposite direc-
tions. However, each of the two phases in PBW includes a set of alternating active
and inactive phases.

The defibrillation efficacy may differ when different biphasic waveforms are
used. However, the efficacy of different biphasic waveforms has not been com-
pared in human studies. The Guidelines 2010 [6], therefore state that ‘‘For
biphasic defibrillators, providers should use the manufacturer’s recommended
energy dose. If the manufacturer’s recommended dose is not known, defibrillation
at the maximal dose may be considered.’’
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7.2.2 Energy, Current, Waveform Duration

Energy is still the most common parameter used to indicate the strength of the
shock. However, there is growing evidence that energy is not the best indicator as
the current flowing through the myocites defibrillates the heart[12, 13]. Recent
investigations by our own group highlighted large differences in the current
delivered by the different AEDs [14, 15]. Although there were several reports on
the importance of the current as the leading parameter, there is as yet no evidence
on the proper amount of current needed to successfully defibrillate a fibrillating
heart nor is there a precise quantity of current above which the damage to the cells
occurred [12].

Besides the current, the other variable of paramount importance is the shock
duration. Although the data on this issue are quite scarce, there is some evidence
that the first phase shock duration should be around 5 ms (msec), whereas the total
waveform duration should be no longer than 20 ms [16]. Above this value, refi-
brillation might occur.

7.2.3 Monitoring the Quality of CPR

Large observational clinical studies have provided important information about the
positive impact of bystander CPR on survival after out-of-hospital CA [17, 18].
Quality of CPR, including adequate compression rate and depth, complete chest
recoil after each compression, and voiding excessive ventilation, is likely to be one
of the key factors that affect resuscitation and survival. However, the quality of
both in-hospital and out-of-hospital CPR is not optimal. Using a sternal pad to
monitor chest compressions and ventilations, Abella et al. [19] found that the
quality of multiple parameters of CPR often did not meet published guideline
recommendations, even when performed by well-trained hospital staff for in-
hospital cardiac arrest (CA) patients.

Wik and colleagues [20] studied the quality of CPR during out-of-hospital CA
by using a monitor/defibrillator equipped with sensors that measure and record
variables related to CPR performance. They concluded that chest compressions
performed by ambulance personnel in their study were often too shallow and that
overall CPR performance did not meet current guidelines. Their study also sug-
gested that CPR quality and patient survival may be improved by using resusci-
tation aids that give rescuers feedback to deliver chest compressions of correct
depth and rate with minimal interruptions.

Real-time CPR prompting and feedback technologies such as visual and auditory
prompting devices can improve the quality of CPR. The application of automated
computer-based audible feedback system also showed an improvement in the quality
of CPR during manikin training when incorporated into an AED [21]. Using an extra
chest pad mounted on the lower part of the sternum with an accelerometer and a
pressure sensor, Kramer-Johansen et al. [22] demonstrated that quality of CPR was
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greatly improved with a real-time automatic feedback in a prospective non-ran-
domized interventional study of out-of-hospital CA. Therefore, instructions from the
AED may be highly valuable in aiding the performance of CPR.

7.2.4 Automated Pulse Detection

The use of AEDs by minimally trained individuals who lack the skills to differ-
entiate CA from other causes of collapse may increase the probability of an
incorrect diagnosis between CA, shock, breathing arrhythmia (irregular heartbeat),
or asphyxia. Identification of blood circulation by detecting a pulse can help the
rescuer to perform optimal intervention. However, detecting the presence of a
pulse is difficult in weak patients, such as a victim in shock or CA [23]. Thus
automated pulse detection is of critical importance during CA especially in out-of-
hospital settings.

To examine the use of four parameters extracted from the impedance cardio-
gram as predictors of cardiac output, Johnston et al. [24] recorded the ECG and
impedance through two defibrillation pads placed in an anterior-apical position in
107 CA victims. Their study validated that the impedance cardiogram measured
from conventional defibrillation electrodes was a potential hemodynamic sensor
for AED. The changes in transthoracic impedance coincident with cardiac con-
tractions and arterial pressure pulses have been confirmed with echocardiography
and blood pressure measurements. Pellis et al. [25] also expanded AEDs to include
detection of cardiac, respiratory, and cardiorespiratory arrest by using the same
electrodes currently applied for defibrillation in an experimental study. Losert and
colleagues [26] validated that transthoracic impedance changes measured via
defibrillator pads to monitor the sign of circulation in CA victims. Implementation
of this technology into AEDs will allow AEDs to affirmatively recognize pulseless
electrical activity and prompt chest compression without repetitive interruptions
for ECG analyses. The priorities of CPR interventions therefore may be improved
by the detection of the presence or absence of the pulse, including the distinction
between dysrhythmic and asphyxial CA.

7.2.5 Optimizing the Time of Defibrillation

Since characteristics of VF waveform change over time and with CPR, which
exhibit ability for prognostication of defibrillation success, several retrospective
case series, animal studies, and theoretical models suggest that it is possible to
predict the probability of shock outcome and to optimize the timing of defibril-
lation by analyzing the VF waveform [27]. The search for defibrillation prediction
features gained from VF waveforms dates back to 20 years, and recently published
review articles [28, 29] provide excellent overviews of various techniques
developed for VF waveform analysis. Approaches for optimizing timing of

7 The Importance of Automated External Defibrillation Implementation Programs 71



defibrillation, including measures based on time domain methods, frequency
domain methods including wavelet-based transformation, nonlinear dynamics
methods, and a combination of these methods, have gained some success in
clinical trials. Presently, the measurements of amplitude spectrum analysis
(AMSA) parameter seem to provide reliable information on the optimal timing for
defibrillation [30].

7.3 The Development of the Public Access Defibrillation:
From Historical Perspective to Present

The goal of early defibrillation gave rise to the development of AEDs available to
nonprofessional rescuer. In the early 1970s, Diack and colleagues described
experimental and clinical experience with the first AED [31]. Subsequently, other
studies provided supportive evidence for the potential role of such a device in
achieving a rapid defibrillation [32, 33]. In 1984, Cummins et al. assessed the
performance of AED used by paramedics to detect VF and deliver countershocks
in out-of-hospital CA patients [34]. This study confirmed the sensitivity and
specificity of the AED algorithms as well as the safety and efficacy of the device.
In 1988, Weaver and coworkers [35] presented their data on the comparison of
initial treatment with AED by firefighters who arrived first at the scene, with the
results of standard defibrillation administered by paramedics who arrived slightly
after the firefighters. Their findings supported the widespread use of the AED as an
important part of the treatment of out-of-hospital CA, although the overall impact
on community survival rates was still uncertain. These studies, together with the
improved portability and ease of use of AED, have led to the expansion of defi-
brillation to trained first-responders who often arrive at the scene of an arrest
before paramedics. Studies on the use of AED by such personnel have shown a
dramatic reduction in the time before defibrillation and have thus enhanced
survival.

Highly evident data on the effects of early defibrillation by lay people were
documented when the AEDs were located in public places such as in the casinos in
Las Vegas, in the airports, and on the airplanes. In 1991, Quantas Airlines initiated
a program using AEDs on overseas flights and at major terminals with selected
crew trained for CPR and use of AED [36, 37]. In 1997, a major U.S. airline began
equipping its aircrafts with AEDs. Flight attendants were trained in the use of the
defibrillator and applied the device when passengers had a lack of consciousness,
pulse, or respiration. Page et al. [38] reported the results of AED use on 200
patients between June 1997 and July 1999 from American Airlines. Of those
patients with VF, the rate of survival to discharge from the hospital after shock
with the AED was 40%. Based on these experiences, several U.S. and international
airlines have installed AEDs.
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Valenzuela et al. [39] studied a prospective series of cases of sudden CA in
casinos where ‘‘personnel using an AED can improve survival after out-of-hospital
CA due to VF. Intervals of no more than 3 min from collapse to defibrillation are
necessary to achieve the highest survival rates.’’

In 2002, Caffrey et al. [40] performed a 2-year prospective study at three
Chicago airports to assess whether random bystander-witnessing out-of-hospital
CA would retrieve and successfully use AEDs. Among the 21 CA persons, 18 had
VF and 10 patients were alive and neurologically intact at 1 year.

Due to the high prevalence of CA at home accounting for more than 70% of the
arrests, it was thought that placing the AEDs in families where members are at
higher risk of sudden cardiac death could be associated with increased survival.
Moore and his collaborators [41] assessed the ability of 34 family members of CA
survivors to learn and retain defibrillation skills using an AED in 1987. McDaniel
et al. [42] tested the practical aspects of home AED use in high risk patients after
myocardial infarction in 1988. In the following year, Eisenberg and coworkers
[43] evaluated the use of AEDs in the homes of high risk cardiac patients, but only
‘‘a small potential for AEDs to save high risk patients’’ were found. These results
partly limited the enthusiasm for placement of AEDs in the home of high risk
patients.

In a recent international, multicenter clinical trial, Bardy et al. [44] evaluated
the benefit of the availability of AEDs in the homes of patients with a previous
anterior-wall myocardial infarction who were not otherwise candidates for
implantation of a cardioverter defibrillator. Their data showed that there was no
significant reduction in death from any cause with a home AED. The authors
concluded that ‘‘access to a home AED did not significantly improve overall
survival, as compared with reliance on conventional resuscitation methods.’’

More recently, Jorgenson et al. reported the effectiveness of home AEDs on
survival. Although the number of patients treated was low (25 in 7 years), they
supported the use of home AEDs as 8 of 12 patients found in VF survived to
hospital discharge. Nevertheless, all the 12 patients were in the group of witnessed
CA [45].

The combination of ease-to-use, low cost, and negligible maintenance makes
public access AED potentially attractive for the treatment of VF. Through the
widespread deployment of defibrillators within a community, the ‘‘collapse-to-
shock’’ time can decrease and survival rates may increase. According to a 2003
nationwide survey of workplaces by the American College of Environmental and
Occupational Medicine (ACOEM), 34% of those who have implemented an AED
program have used their AED at least once in order to help save a life with an
overall primary success rate of 71% [46].
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7.4 Legislation

There is a large variety of regulations around the world as per the PAD projects.
Overall, most of the countries in Europe do not have a specific law. The use of
AED is based on individual decision and/or on the training of lay people. In 2010,
Bahr and coworkers reported a survey on 36 European countries on the existence
of specific legislation for the use of AEDs. Among the 36 countries only 7 have a
law establishing the rules for the use of AEDs, 27 do not have any legislation at all,
whereas 2 reported not to know if there is a legislation [47]. Table 7.1 summarizes
the overall situation.

Italy is one of the few countries in which specific laws on AEDs were pro-
mulgated in the last decade. The first national decree, presented in 2000, allowed
the use of AEDs to stewards and flight attendants following a successful course on
BLSD [48]. In the following year, the first law stated that non-doctors were
allowed to use an AED in the out-of-hospital setting provided an adequate training
course and a successful attendance to a course [49].

In 2004, this law was amended with the extension to the in-hospital setting, thus
allowing nurses and other personnel to use the AED following a course success-
fully passed [50].

The major implementation under the legislative point of view, however,
occurred in 2011 in which a large and overall well-detailed decree focused on
many items such as the responsibility of the projects, the figures or associations in
charge of training, the validity of a certificate, and the goals of the entire projects
[51]. This decree demanded of the Regional governments the whole organization
and the responsibility which, in turn, were left to the local (provincial) 118
Emergency Services. On one hand this led to a certain level of rules by defining

Table 7.1 Legislation on AED use in European countries. Bahr et al., Resuscitation, [47]

Presence of
legislation

No legislation Data not available

Austria Bulgaria Ireland Russian
Federation

Albania

Belgium Croatia Lithuania Serbia Bosnia and
Herzegowina

Cyprus Czech
Republic

Luxemburg Slovenia

France Denmark Macedonia Sweden

Greece Estonia Malta Switzerland

Italy Finland Netherlands Turkey

Spain Germany Norvay UK

Hungary Poland Ukraine

Iceland Portugal
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not only the responsibility but also the practical aspects of training. Overall an
improved homogeneity emerged. On the other hand, however, other discrepancies
arose among the Italian Regions with contrasting rules such as the validity of a
certificate not recognized in Regions different from where the course was held.
Another paradox was the requirement of some local 118 EMS which made
mandatory the attendance (and the successful overcoming) of a course for a
specific AED model, thus obliging people to attend different courses according to
the AED models employed.

Lombardia Region made a step forward in the attempt to overcome many of the
controversial aspects that emerged in the national and regional legislations [52]. In
our document, indeed, we first recognized the validity of a certificate for every
kind of AED. Secondly, those who passed a course in another region were fully
recognized by our Regional EMS without the need to attend another course if held
within 2 years. Thirdly, we defined those persons whose AED use is mandatory
(all personnel working in the emergency setting and those who work on every
ambulance service even if not dedicated to the emergency interventions). A list of
other people to whom the use of AED was either recommended or advised was
then presented. Concurrently, we also listed the places where the AEDs should be
located. The document ends up with the modality to prepare a PAD project and the
information to be provided to our Regional EMS staff.

Particular attention was paid to sport societies and to sport facilities according
to a more recent national law which established the need that every amateur and
professional sport society must have an AED. This law was recently approved with
detailed recommendation on AED location and adequate trained personnel.

Some considerations can emerge regarding the opportunity of having a specific
legislation on AEDs. On one hand one may raise questions about the uselessness of
specific laws stating that any law could be too restrictive and that the laws would
impede a proper diffusion and use of AED. In other nations anyone who witnesses
a person with a loss of consciousness (potentially a CA patient) may use an AED
without any restriction since the AEDs are safe and avoid misuse by simply
following their vocal prompts. The Good Samaritan Laws applied in the USA
indeed follows this rule. This is true in Italy as well. Our legislation indeed does
not impede the use of AED by those who are not certified or by those who did not
attend a course. There are no penalties for those who apply an AED without
training. The main reason for having established national (and consequently
regional) statements is to emphasize the importance of being trained not only in
AED use (which is the easiest part) but also in CPR and how to combine both
maneuvers. Based on the current epidemiological data, VF accounts for about
20–40 % of the presenting CA rhythms [53–55]. Yet, early and uninterrupted chest
compression is by far more important than a delayed application of an AED.
Accordingly, the use alone of an AED without at least some chest compression
would limit the potential benefits of a rescue by lay people.
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Although not all would agree with the national and regional legislation, it is our
personal belief that our country has made important steps forward with the
introduction of these laws.

7.5 Implementation of the PAD Programs

Although there is no formula for determining the optimal number of defibrillators
and their appropriate placement, deployment should be based on shortened
response time (an ideal collapse to shock goal B3–5 min) and on CA risk factors
that exist within the population. Usually, number and location are based on local
strategies and resources. Nielsen and coworkers in Denmark reported more than
5,000 AEDs registered in their nation but estimates suggest that more than 15,000
AEDs were sold for a population of 5.5 million inhabitants [56]. To be most
effective, Atkins suggested that the PAD projects (and therefore the location of the
AEDs) should be acknowledged by the local EMS. In the absence of proper check
of the equipment, batteries and pads have progressively expired thus making the
AED ineffective [57].

Based on these recommendations, our group began the strategy of precisely
mapping almost every AED on our regional territory (Lombardia Region). This led
to the identification of more than 600 AEDs for a population of 10 million
inhabitants, which were categorized and precisely located. For each AED, a person
responsible for the project and for the maintenance was identified. Every AED was
mapped according to its geographical coordinates and was inserted into a dynamic
software that highlights the position on a satellite map.

Another point of improvement is the placement of the AEDs within boxes or
cabinets electronically connected to the 118 dispatch centers and therefore
alarmed. Any device removal will trigger an immediate alarm at the Operative
Center. This project, however, is still in progress and data will be needed for an
adequate assessment of this strategy.

7.6 Impact of PAD Projects on Survival

The real impact of the PAD projects or the public AEDs by laypeople has only been
recently documented. Overall, interventions on CA patients by laypeople account for
only 2 % of the total treatments, with most of them being carried out by the EMS
personnel. In a study by Weisfeldt and coworkers on public AEDs, only 289 of
13,769 CA patients were initially treated by laypeople but only 170 were shocked
before EMS arrival [58]. Comparable proportions were also reported by Rea [59],
though showing a gradual increase from 0.6 to 2.4 % in 2006 in the proportion of
patients rescued by laypeople. Kitamura in his nationwide study reported a pro-
gressive rise in the proportion of patients saved by public AEDs which increased
from 1.2 to 6.2 % [60]. Our unpublished results in the province of Bergamo (Lom-
bardia Region) highlighted comparable proportions (Table 7.2).
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Despite the low proportion of patients shocked by laypeople, survival among
these patients is very high ranging from 55 to 65 % [39, 40, 45, 56]. More so,
Nielsen and coworkers observed in their population of VF patients that more than
70 % were in VF [56]. This result is indeed challenging as in the last decade a
progressive decline in the proportion of patients in VF was widely documented. If
Nielsen’s results are confirmed in other studies, the epidemiology of CA and the
presenting rhythm will have to be further re-evaluated.

7.7 Conclusions

PAD projects have been introduced to strength the chain of survival by reducing
the time window from cardiac arrest to the onset of CPR. Also, a prompt defi-
brillation by laypeople is desirable. The evidence suggests that the results are more
effective when the PAD projects are strongly linked to the local EMS. This will
further prompt a close connection with the dispatch centers able to locate the
closest AED. Besides the use of AEDs, however, it must be remembered that early
chest compression represents the most importance initial treatment when an AED
is not immediately available.
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8Mechanical Versus Manual CPR

Giuseppe Ristagno

8.1 Introduction

Cardiac arrest represents a dramatic clinical event that can occur suddenly and
often without premonitory signs. This condition is characterized by sudden loss of
consciousness caused by the lack of cerebral blood flow, which occurs when the
heart ceases to pump. Indeed, it represents a leading cause of death in the Western
world, with as many as 350,000–700,000 people in the United States, Canada, and
Europe sustaining cardiac arrest each year [1, 2]. Cardiopulmonary resuscitation
(CPR), including chest compression, often in conjunction with electrical defi-
brillation, has the potential of re-establishing spontaneous circulation (ROSC).
Despite major efforts to improve outcomes from cardiac arrest, average survival
rate remains dismal and presents a large variation with a spread between 2 and
39 % [3, 4]. Both in heavily populated larger cities and in sparsely populated rural
communities, delayed response by emergency medical services compromises
outcomes such that survival is more disappointing.

During cardiac arrest, coronary blood flow ceases, accounting for a progressive
and severe energy imbalance. Intramyocardial hypercarbic acidosis is associated
with depletion of high energy phosphates and correspondingly severe global
myocardial ischemia [5]. The ischemic left ventricle becomes contracted ushering
in the stone heart [6]. After onset of contracture, the probability of ROSC becomes
remote. There is now evidence that the highest priority of intervention is to re-
establish systemic blood flow promptly by external chest compression, and thereby
achieve and maintain threshold levels of coronary and cerebral perfusion.
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Accordingly, effective, consistent, and uninterrupted chest compression is now
designated as the primary intervention for management of cardiac arrest. Both
survival and neurological recovery are contingent upon initiating chest compres-
sion within\5 min [7, 8]. Accordingly, bystander initiated chest compressions by
minimally trained, nonprofessional rescuers subsequently supported by well-
organized professional emergency medical providers have significantly increased
survival from out-of-hospital cardiac arrest.

8.2 Quality of CPR

In addition to the benefits of prompt intervention, it is also the quality of chest
compressions delivered in both in- and out-of-hospital settings that has proven to
be a determinant of outcomes. Indeed, blood flows generated by chest compression
are dependent on the pressure gradient between the aortic and the venous pres-
sures. Coronary perfusion pressure (CPP), defined as the difference between
simultaneously measured minimal aortic pressure and right atrial pressure during
compression diastole, is highly correlated with coronary blood flow during cardiac
resuscitation and is currently recognized as the best single indicator of the like-
lihood of ROSC [9]. Based on both experimental and clinical observations, ROSC
can be predicted when CPP is maintained above 15 mmHg during compressions
[9, 10]. Resuscitative strategies that increase CPP, including high quality chest
compressions as well as the use of vasopressor, have been therefore supported and
considered more effective in restore circulation. In fact, although chest compres-
sion produces less than 50 % of prearrest stroke volumes, threshold levels of
myocardial and cerebral blood flows are restored such as to minimize ischemic
myocardial and cerebral ischemic injury [11].

The evidence is secure that the quality of chest compression is a major deter-
minant of successful resuscitation. A good quality CPR should be performed with:
adequate chest compression depth and rate; duty cycle; minimal interruptions; and
complete chest recoil [12]. Yet, there is persuasive evidence that conventional
manual chest compressions are often performed ineffectively. Indeed, whereas
23 % of victims were resuscitated after what Wik et al. defined as ‘‘good CPR,’’
only 1 % were resuscitated with ‘‘not good CPR’’ [13]. In both in-hospital and out-
of-hospital settings, the quality of CPR, and specifically chest compressions, was
also the major determinant of the ROSC. Based on 176 victims of out-of-hospital
cardiac arrest, only 28 % of rescuers performed competent chest compressions in
which the anterior–posterior diameter was decreased by approximately 5 cm so as
to conform to the international guidelines [14]. An inadequate depth of chest
compressions was also reported in 67 instances of in-hospital cardiac arrest [15].
Human observational studies also showed that interruptions of chest compressions
are common, averaging 24–57 % of the total arrest time [13].
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However, even well-trained professional providers cannot maintain effective
chest compression for intervals that exceed 2 min [16, 17]. This limitation is in
addition to the documented inconsistency of depth and rate of compressions [14–
18]. The challenges are even greater during evacuation and transport of victims.
Therefore, the option of using mechanical devices is attractive. Mechanical chest
compression potentially overcomes operator fatigue, slow rates of compression,
and inadequate depth of compression. A mechanical compressor would also allow
for the delivery of an electrical shock without interruption of manual compression
for the protection of the rescuer.

8.3 Mechanical Compression

Several new devices have recently been introduced to facilitate mechanical chest
compression [19]. Both the AutoPulse (ZOLL Medical Corporation, USA) and the
Lund University Cardiac Arrest System (LUCAS) (LUCAS, PhysioControl,
Sweden) have demonstrated equivalency and potentially even greater effectiveness
than manual chest compression.

8.4 AutoPulse

The AutoPulse is a battery powered load-distributing band, mechanical CPR
device. Its functioning is based on the concept that distributing force over the
entire chest through a band improves the effectiveness of chest compressions by
delivering more total energy to the torso. The device adjusts automatically to the
size and shape of each patient and is constructed around a backboard that contains
a motorized rotating shaft. It utilizes a load-distributing band, which is connected
to the rotating shaft to compress the chest. The band is tightened or relaxed around
the chest rhythmically to provide a ‘‘squeezing’’ effect during the compression
phase [20]. AutoPulse-CPR features are reported in Table 8.1.

Earlier animal studies of pigs and clinical studies in the setting of in-hospital
cardiac arrest have reported better hemodynamics during mechanical compression
with AutoPulse in comparison to standard manual CPR [21, 22]. Subsequently,
nonrandomized human series have reported increased rates of sustained ROSC

Table 8.1 AutoPulse-CPR features

Compression depth: 20 % of chest anterior–posterior diameter

Rate of compression: 80/min

Duty cycle: equal compression/decompression time

Compression/ventilation ratio: 30/2 or continuous compressions

Full chest recoil allowed
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[23] and increased survival to hospital discharge following out-of-hospital cardiac
arrest with AutoPulse in comparison to standard CPR (9.7 versus 2.9 %) [24].
Based on these results, the ASPIRE trial (AutoPulse Assisted Prehospital Inter-
national Resuscitation) was initiated [25]. It was a multicenter, randomized trial of
patients experiencing out-of-hospital cardiac arrest in the United States and
Canada. The trial compared mechanical cardiopulmonary resuscitation with
AutoPulse device (AutoPulse-CPR) to traditional manual CPR (manual-CPR). The
primary end point was survival to 4 h after the 911 call, while secondary end
points were survival to hospital discharge and neurological outcome. Enrollment
was suspended early due to safety concerns, after approximately 1,000 patients. No
difference existed in the primary end point of survival to 4 h. However, survival to
hospital discharge was 9.9 % in the manual-CPR group and 5.8 % in the Auto-
Pulse-CPR. More importantly, a significantly worse neurologic outcome was
observed when AutoPulse-CPR was compared with manual-CPR (3.1 versus
7.5 %, p = 0.006). However, a subsequently posthoc analysis of this study
revealed significant heterogeneity among study sites [26]. Indeed, one site (site C)
made a potentially important protocol change midtrial, and enrollment at that site
was noted to be independently associated with outcome. The protocol change at
site C also appeared to have resulted in a delay in application of AutoPulse-CPR.
Before and after the protocol change survival in patients receiving AutoPulse-CPR
decreased from 19.6 to 4 %. At the time the trial was suspended, the outcomes of
patients at the other sites appeared to have been trending in favor of the
intervention.

A more recent prospective cohort evaluation compared resuscitation outcomes
before and after switching from manual CPR to AutoPulse-CPR in a multicenter
emergency department trial, enrolling 1,011 patients (459 in the manual CPR and
552 patients in the AutoPulse-CPR) [27]. The rate of survival to hospital discharge
tended to be higher in the Autopulse-CPR phase (3.3 %) versus the manual one
(1.3 %). There were also more survivors in the AutoPulse group with cerebral
performance category 1 compared to the manual group (p = 0.01).

Finally, another multicenter randomized clinical trial, the ‘‘Circulation
Improving Resuscitation Care (CIRC)’’ trial was conducted by Dr. Wik [28] and
compared AutoPulse versus ‘‘high quality’’ manual CPR in over 4,000 out-of-
hospital cardiac arrest patients in the USA and Europe. The trial had unique
features: [1] training of all EMS providers in a standardized deployment strategy
and continuous monitoring for protocol compliance; [2] a pre-trial simulation
study of provider compliance with the trial protocol; [3] three distinct study phases
(in-field training, run-in, and statistical inclusion) to minimize the Hawthorne
effect and other biases; [4] monitoring of the CPR process using either transtho-
racic impedance or accelerometer data; [5] randomization at the subject level after
the decision to resuscitate is made to reduce selection bias; [6] use of specific
statistical tests with sufficient power to determine superiority, inferiority, or
equivalence. Although the full article has not been published yet, preliminary
results have shown equivalency in ROSC, 24 h survival, survival to hospital
discharge, and hands-off fraction between the two CPR approaches.
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8.5 LUCAS

The LUCAS chest compression system is a portable piston device composed of: a
back plate, which is positioned underneath the patient as a support for the external
chest compressions; an upper part mounted on two arms, which contains the
battery and the compression mechanism with a disposable suction cup; a stabil-
ization strap which helps to secure the position of the device in relation to the
patient. Two versions of the device have been produced. The original LUCAS 1, is
a pnuematically driven device that requires no electrical supply, but is powered by
compressed air from a portable compressed air cylinder or wall outlet. The
LUCAS 2, instead is a battery powered device. LUCAS CPR features are reported
in Table 8.2.

Currently, there are no published multicenter randomized human studies
comparing LUCAS CPR with standard CPR. Nevertheless, animal studies and
clinical observations have reported better hemodynamics during LUCAS CPR in
comparison to manual CPR. A single study of pigs with VF showed that LUCAS
CPR improved hemodynamic and short-term survival rates compared with stan-
dard CPR [29]. Indeed, after 5 min of untreated VF, animals were subjected to 20-
min CPR with either LUCAS or manual CPR. Significantly higher CPP was
observed during LUCAS CPR. All the pigs in the mechanical group achieved
ROSC compared with only 37 % in the manual group. Another animal study
randomized pigs to a 15-min CPR with either LUCAS or manual compression
[30]. During CPR, the cortical cerebral blood flow was significantly higher in the
group treated with LUCAS (p = 0.041). End-tidal CO2, an indirect measurement
of the achieved cardiac output during CPR, was also significantly higher in the
group treated with the LUCAS device (p = 0.009). Greater EtCO2 was also
consistently measured over a 15-min interval of LUCAS CPR in comparison with
manual CPR in a prospective clinical study including 126 out-of-hospital cardiac
arrest patients [31].

Six case series involving overall approximately 200 patients have reported
variable success in use of the LUCAS device when implemented after an unsuc-
cessful period of manual CPR [32–37]. One study, in particular, was a good quality
case series including 100 patients [33]. Of the 43 witnessed cases treated with
LUCAS within 15 min from ambulance call: 24 had VF and 15 (63 %) of these
cases achieved ROSC and 6 (25 %) of them survived with a good neurological

Table 8.2 Lucas CPR features

Compression depth: 5 cm

Rate of compression: 100/min

Duty cycle: equal compression/decompression time

Compression/ventilation ratio: 30/2 or continuous compressions

Full chest recoil allowed
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recovery after 30 days; 19 patients, instead, were found in asystole at rescuers’
arrival and 5 (26 %) of them achieved ROSC and 1 (5 %) survived for over
30 days. Another study using concurrent controls in witnessed out-of-hospital
cardiac arrest was unable to show benefit in ROSC, survival to hospital, and
survival to hospital discharge with the use of the LUCAS device over the use of
manual CPR [38].

More recently, LUCAS versus manual CPR have been compared in a
randomized prospective pilot study, enrolling 149 patients with out-of-hospital
cardiac arrest in two Swedish cities [39]. This pilot study reported no difference in
ROSC, 4 h survival, and survival to hospital discharge between the two CPR
approaches. Nevertheless, this was only a pilot investigation and data were used
for power calculation in one of the two currently underway randomized
multicenter trials [40, 41].

Indeed, the role of LUCAS CPR will be clarified after completion and publi-
cation of the results of the following two ongoing studies: (1) The prehospital
randomized assessment of a mechanical compression device in cardiac arrest
(PARAMEDIC) trial, that enrolls 4,000 patients in England, Wales, and Scotland,
in order to assess effects of LUCAS CPR over manual CPR on 30-day survival
[40]; and (2) The LUCAS in Cardiac arrest study (LINC): a study comparing
conventional adult out-of-hospital cardiopulmonary resuscitation with a concept
with mechanical chest compressions and simultaneous defibrillation that enrolls
2,500 patients with the intent to compare the effects of LUCAS CPR over manual
CPR on 4-h survival [41].

8.6 Conclusions

At the moment, there are insufficient data to support or refute the use of a mechanical
compressor instead of manual CPR. Currently undergoing multicenter randomized
clinical trials comparing mechanical versus manual CPR will clarify the role of
mechanical chest compression. There is some low-quality evidence that mechanical
CPR can improve consistency and reduce interruptions in chest compressions.
Nevertheless, it has to be recognized that mechanical devices for CPR warrant:
continuous high quality CPR; compression during transport; no interruptions in
CPR; no rescuer fatigue; and more importantly hands free for other procedures. It
may be reasonable therefore to consider mechanical CPR to maintain continuous
chest compression while undergoing CT scan or similar diagnostic studies, or
interventional procedures treatments, i.e., primary angioplasty, when provision of
manual CPR would be difficult. Finally, in order to ensure the best result from the use
of a mechanical CPR it is important to consider the implementation of cardiac arrest
teams specially trained in applying and starting mechanical compressor, i.e., with a
‘‘pit-crew’’ protocol, so as to reduce the interruption in CPR [20]. Interruptions in
chest compressions to apply a mechanical device, in fact, can be as low as 20 s, but
are often much longer, i.e., almost 2 min [42].
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9Improving Survival from
Out-of-Hospital Cardiac Arrest
with Bystander Chest Compression-
Only CPR: The First Component
of Cardiocerebral Resuscitation

Karl B. Kern

9.1 Introduction

Survival after out-of-hospital cardiac arrest is dependent upon where cardiac arrest
occurs. Public locations are generally better than private ones, simply because
there is a greater likelihood of being witnessed and receiving bystanders’ assis-
tance. But even more important is the community’s influence on survival rates
from sudden unexpected cardiac arrest. Much like the common saying in real
estate interactions, surviving cardiac arrest seems to be all about ‘‘Location,
location and location’’ [1]. Even among the United States National Institutes of
Health (NIH) sponsored Resuscitation Outcomes Consortium, a group of com-
petitively selected resuscitation centers, the variability in survival rates is sur-
prising. Nichol et al. found a fivefold (500 %) difference in survival rates after out-
of-hospital cardiac arrest among these reported centers of excellence [2]. In an
accompanying editorial, it was noted that such wide variability in outcome
emphasizes the need for each community to ‘‘Know its Numbers,’’ then concen-
trate on improving their own results by focusing on locally identified problem
areas within the Chain of Survival [1].

This is what was done in Tucson, Arizona. Data from the 1990s showed that
survival from out-of-hospital cardiac arrest had not changed over the entire dec-
ade, averaging 6 ± 2 % for all rhythms and 10 ± 2 % for ventricular fibrillation
[3]. In collaboration with the leadership of Tucson Fire Department, a new
approach entitled ‘‘Cardiocerebral Resuscitation’’ was begun. Based on more than
20 years of translational research by the University of Arizona Sarver Heart Center
Resuscitation Research Group, three new programs were suggested: (1) chest
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compression-only CPR for basic life support, (2) a new algorithm for advanced life
support provided by emergency medical services, and (3) a more aggressive
approach to post-resuscitation care. The initial step is to train community popu-
lations in chest compression-only bystander CPR.

9.2 Chest Compression-Only CPR

It has been recognized for years that early CPR is a key for surviving out-of-
hospital cardiac arrest. Early CPR is best accomplished with bystander CPR.
Studies have shown up to a fourfold increase in survival rates when CPR is
provided [4]. Table 9.1 lists the most common deterrents to bystander CPR [5].
Prominent in most such surveys is the fear of or unwillingness to perform mouth-
to-mouth rescue breathing. One way to overcome this particular reluctance to help
is to remove the requirement for mouth-to-mouth contact. Chest compression-only
CPR does exactly that, eliminating any mouth-to-mouth breathing attempts. The
idea to eliminate mouth-to-mouth breathing was originally based on the concept
that circulating blood, with the oxygen it already contains, is more important in the
initial resuscitation effort than is any attempt to replenish oxygen. However, the
real advantage of chest compression-only CPR is that it eliminates frequent
interruptions of chest compressions during attempts at mouth-to-mouth breathing.
Assar et al. found that though laypersons are repeatedly taught to interrupt chest
compressions for only 4 s while performing mouth-to-mouth breathing (2 s per
breath for 2 breaths, then resume compressions), they routinely required 16 s [6].
Such frequent and lengthy interruptions result in suboptimal perfusion since a
single rescuer cannot do compressions while attempting to perform rescue
breathing. If compressions are performed at exactly 100/min as per the recom-
mendations, but are interrupted after every 30 compressions with 16 s of no
compressions while breathing is attempted, only about half of the resuscitation
effort results in any systemic perfusion [7]. This degree of blood flow disruption
during CPR results in compromised outcomes. Decreasing such interruptions with
the use of chest compression-only CPR improves both perfusion [7] and outcome
in clinically realistic experimental models of prolonged ventricular fibrillation
cardiac arrest [8, 9] (Table 9.2).

Table 9.1 Common
deterrents for bystander CPR

Fear or concern for:

1. Harming the victim &20 %

2. Not performing CPR correctly &20 %

3. Legal consequences &20 %

4. Mouth-to-mouth contact &20 %

5. Physically unable &20 %
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9.3 Teaching Chest Compression-Only CPR to Communities

Chest compression-only CPR has been successfully taught in Tucson, Arizona,
since 2003 and throughout the State of Arizona since 2005. A variety of public
outreach programs have included free monthly training classes, public billboards,
placards at bus stops and roadway flags (Fig. 9.1), simple instructions mailed with
electric bills (Fig. 9.2), and media presentations, including both TV and radio
public service announcements, as well as feature stories in print media. Other
efforts include school classroom workshops (10,000 students trained in 1 year),
basketball arena ‘‘3 Point Cards,’’ with chest compression-only CPR’s simple steps
of (1) Check, (2) Call, and (3) Compress, explained on the back of the card–see
Fig. 9.3), and actual chest compression-only CPR demonstrations at University of
Arizona basketball halftime shows (Fig. 9.4).

9.4 Increasing Community Bystander CPR with Chest
Compression-Only CPR

These efforts to train communities in chest compression-only CPR have paid
dividends by increasing the number of bystanders who will assist and perform
resuscitation efforts prior to the arrival of the EMS providers. In Arizona, such
community training efforts increased bystander CPR from only 28 % in 2005 to
40 % in 2009, i.e., a 43 % gain. Interestingly, during that same period, the per-
centage of bystander CPR that was chest compression-only CPR rose from only 20
to 76 %, i.e., a 280 % increase [10]!

9.5 Improving Outcomes with Chest Compression-Only CPR

Does this increase in bystander CPR, especially bystander use of chest compres-
sion-only CPR, result in better outcomes after out-of-hospital cardiac arrest?
Among patients with out-of-hospital cardiac arrest, layperson performance of
compression-only CPR was associated with increased survival [10]. For all
rhythms, survival was 5 % among those receiving no bystander CPR, 8 % for

Table 9.2 Advantages of
chest compression-only CPR

1. Easy to teach

2. Easy to learn

3. Simple to remember

4. Less difficult to perform

5. Fewer negative deterrents

a. No mouth-to-mouth contact required
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those receiving bystander-attempted standard CPR (compression to ventilation
ratio of 30:2), and 13 % for those receiving chest compression-only bystander
CPR (OR = 1.60; CI, 1.08–2.35; p \ 0.001). Survival with good neurological
status was also better with chest compression-only CPR: 3 % with no bystander
CPR, 5 % with standard CPR, and 8 % with chest compression-only CPR

Fig. 9.1 Outdoor community announcements of a ‘New’ CPR (continuous chest compression
CPR or chest compression-only CPR) developed at the University of Arizona. a Billboard. b Bus
stop poster
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(p \ 0.001). For those with ventricular fibrillation cardiac arrest the survival rates
were 18, 18, and 34 %, respectively (p \ 0.001). Implementation of a multiyear,
multifaceted, statewide public education campaign that officially endorsed and
encouraged chest compression-only CPR was associated with a significant
increase in the rate of bystander CPR for adults who experienced out-of-hospital

Fig. 9.2 Mail insert sent
with a Tucson electric
power’s invoice, briefly
describing chest
compression-only CPR
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cardiac arrest. Chest compression-only CPR was independently associated with an
increased rate of survival compared with no bystander CPR or conventional CPR
[10].

9.6 Chest Compression-Only CPR and Cardiac Arrest Due
to Noncardiac Etiologies

Resuscitation guidelines published by the American Heart Association and the
European Resuscitation Council recommend standard CPR, including rescue
breathing, for cardiac arrest of a noncardiac etiology such as drowning or choking.

Fig. 9.3 ‘‘Three Point
Basket’’ placards provided at
a University of Arizona
basketball game (a). On the
backside is a description
introducing chest
compression-only bystander
CPR (b)
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Some have been reluctant to endorse chest compression-only CPR for fear that
bystanders may not be able to recognize noncardiac etiologies and may harm such
victims by not attempting ventilation. Panchal et al. studied whether lay rescuers
could reasonably determine which bystander CPR technique to employ, and if
survival rates after arrest from noncardiac etiologies were different depending
on which bystander CPR technique was provided [11]. Noncardiac etiology
arrests comprised only 15 % of the total 5,793 out-of-hospital adult arrest
studied. Fifty-six percent of those receiving bystander CPR for cardiac arrest of
presumed cardiac etiology received chest compression-only CPR. In comparison,
only 28 % of those receiving bystander CPR for noncardiac etiologies received
chest compression-only CPR. Survival after arrest from noncardiac causes was
only half of that seen after arrest from cardiac etiologies (3.8 vs 7.0 %; p \ 0.001).
The type of bystander CPR provided did not significantly affect survival-to-hos-
pital discharge among those with a noncardiac etiology for their arrest; 4.0 % with

Fig. 9.4 Examples of chest
compression-only CPR being
demonstrated for large
audiences attending
University of Arizona
basketball games
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no bystander CPR, 3.8 % with standard CPR, and 2.7 % with chest compression-
only CPR (p \ 0.001). In the setting of an Arizona statewide campaign endorsing
chest compression-only bystander CPR for the lay public, bystanders were less
likely to perform chest compression-only CPR for those with noncardiac etiologies
for their arrest. No difference in outcome was found among such arrest victims
regardless of the type of bystander CPR provided.

9.7 Conclusion

Chest compression-only bystander CPR is teachable to the lay public, who can
effectively learn and perform this simple, living-saving technique. Successful
community educational campaigns result in significant increases in lay public
performance of bystander CPR. Most importantly, this increased incidence of
willing bystanders performing chest compression-only CPR increases survival for
local victims of out-of-hospital cardiac arrest.
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10Reperfusion Strategies in Sudden
Cardiac Arrest

Peter Radsel and Marko Noc

10.1 Introduction

Coronary artery disease is present in almost 80 % of patients with resuscitated
sudden cardiac arrest (SCA) undergoing immediate coronary angiography
(CAG) (1). Moreover, postmortem analyses of SCA victims indicate that unstable
coronary plaque with associated thrombosis can be documented in more than 80 %
(2). Accordingly, acute coronary thrombotic event leading to critical narrowing or
complete coronary obstruction may be viewed as the main trigger of sudden
cardiac arrest.

Feasibility and safety of ‘‘immediate invasive coronary strategy,’’ consisting of
CAG and percutaneous coronary intervention (CA-PCI) after resuscitated SCA,
has been demonstrated already in the 1990s [1, 3]. However, since these patients
have been systematically excluded from major interventional studies unequivo-
cally demonstrating benefit in acute coronary syndromes (ACS), supporting data
can be derived only from cohort studies and registries [4–6]. The data support the
hypothesis that immediate CA-PCI may improve the survival of this high-risk
subgroup of patients. Re-establishment of coronary perfusion may decrease
myocardial ischemia and reduce infarct size which is expected to result in better
hemodynamic and electrical stability in the post-resuscitation phase.
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10.2 Selection of Patients for Immediate Coronary
Angiography

There is general agreement that immediate CAG should be performed in conscious
patients after ROSC if no obvious non-coronary cause is documented [7–10]. Such
decision is more complex in patients with SCA who remained comatose despite
ROSC. Their hospital mortality is much higher and related also to post-resuscitation
brain injury in at least 30–40 %. Since we cannot accurately predict neurological
recovery on admission when immediate CAG is decided, there has always been
debate if such approach is reasonable. Indeed, it was introduction of hypothermia
after 2002 with a much greater proportion of patients waking up from coma that
returned our focus to the fact that obstructive coronary artery disease is the back-
ground in majority of these patients. There is currently general consensus that
comatose patients with STEMI in post-resuscitation ECG should be immediately
brought to the catheterization laboratory. The strong rationale behind this that acute
coronary thrombotic lesion (‘‘ACS’’ lesion) suitable for CA-PCI is typically present
in more than 90 % [11]. Based on these findings, immediate CAG was gradually
expanded also to other patients with resuscitated SCA but without STEMI in post-
resuscitation ECG [10, 12–14]. Indeed, despite absence of STEMI, ‘‘ACS’’ lesion
suitable for CA-PCI was documented in 25–40 % [10, 11]. In this context, it is
important to emphasize that also normal coronary angiogram or presence of non-
obstructive coronary artery disease is a very useful diagnostic finding because it
triggers the search for alternative cause of SCA. Decision for immediate CAG after
SCA should therefore not be based on post-resuscitation 12-lead ECG [11]. In
comatose patients after CA without STEMI, it is reasonable to decide for immediate
CAG if non-coronary cause was not confirmed at emergency department (Fig. 10.1).

Fig. 10.1 Selection of
patients with resuscitated
sudden cardiac arrest for
immediate coronary
angiography
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Rather than lack of STEMI in ECG, unfavorable features related to the setting of
cardiac arrest and initial resuscitation which make neurological recovery unlikely,
should argue against immediate CAG (Fig. 10.2).

10.3 Revascularization Strategy

Once coronary anatomy is defined, revascularization strategy should be decided.
According to revascularization guidelines for STEMI and high risk non-ST ele-
vation ACS [15, 16], CA-PCI should be primary directed toward ‘‘ACS’’ lesions
(Picture 1) for which we can assume direct cause–effect relationship with SCA. If
angiographic substrate of stable obstructive coronary artery disease is documented
(Picture 2), such cause–effect relationship is possible (coronary spasm, thrombosis/
spontaneous reperfusion, transient hypotension with decrease in coronary flow…)

Fig. 10.2 Our exclusion
criteria for urgent invasive
strategy in patients with
resuscitated sudden cardiac
arrest

Picture 10.1 Acute
thrombotic occlusion of
proximal LAD (ACS lesion)
in a patient with STEMI in
12-lead post-resuscitation
ECG
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but not obvious. In conscious patients who obviously have no neurological sequel,
complete percutaneous or surgical revascularization should be performed according
to the revascularization guidelines for stable disease [17]. In hemodynamically
stable comatose patients with preserved myocardial perfusion (TIMI 3 epicardial
flow, good collaterals to occluded vessels…), we usually have time to postpone
percutaneous or surgical revascularization and wait for possible neurological
recovery (Fig. 10.3). CA-PCI of severe obstructive non-thrombotic lesions may be
beneficial in hemodynamically unstable patients if one extrapolates SHOCK trial
[18]. It is important to emphasize that a combination of CA-PCI with hypothermia
to improve neurological outcome is feasible, safe, and is likely to increase survival
with good neurological outcome as compared to historical controls without hypo-
thermia [13, 14, 19].

Picture 10.2 Angiographically stable coronary disease in the mid-LAD with intermediate
stenosis and normal epicardial coronary flow (TIMI 3) in a patient with resuscitated SCA and no
STEMI in post-resuscitation ECG

Fig. 10.3 Proposed
revascularization strategy in
patients with resuscitated
sudden cardiac arrest
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10.4 Conclusion

Despite the lack of randomized trials, immediate invasive coronary strategy in
patients with resuscitated SCA has a strong pathophysiological background. Based
on cohort reports and registries, immediate CAG and CA-PCI may significantly
improve the outcome of survivors of SCA. Interventional cardiologist should
therefore become an essential member of post-resuscitation team.
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11Extracorporeal Membrane
Oxygenation Strategy in Cardiac
Arrest

Margherita Scanziani, Leonello Avalli and Roberto Fumagalli

11.1 Why extracorporeal membrane 59 oxygenation (ECMO):
The Last Link in the Chain of Survival?

Since the term life support was introduced by Peter Safar [1], it became clear that
improvement of survival after cardiac arrest (CA) was not easy nor a single-step
process [2]. Despite introduction of cardiopulmonary resuscitation (CPR), survival
rate remains quite low and this represents a challenge to be faced, encouraging
clinicians and researchers to find new solutions that would preserve and enhance
previous treatments.

Although the correlation between CA mortality and its predictors is difficult to
evaluate because of the complexity of the variables involved [3], survival of both
in-hospital CA (IHCA) and out-hospital CA (OHCA) remains very low and it
decreases by about 10 % with each minute of defibrillation delay [4], dropping
dramatically if CPR lasts longer than 30 min [3, 5].

Data from the National Registry of Cardiopulmonary Resuscitation were ana-
lyzed in a large prospective observational study on in-hospital resuscitation [3]. In
that study, 14,720 CAs were considered and, overall, 44 % of patients had return
of spontaneous circulation (ROSC), but only 17 % survived to hospital discharge
[3]. Highest ROSC and survival rate were reported for ventricular fibrillation as
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first recorded CA rhythm. Such discouraging results have been largely confirmed,
with an in-hospital survival rate ranging between 10 and 22 % [5–11]. Proposed
explanations for poor outcome were: comorbidities affecting hospitalized popu-
lation hit by CA and lack of formal life support training of healthcare providers
working in non-emergency wards [11]. To complete the picture, differences in
survival rate might reflect logistic and staffing organization, as better outcome
could be observed in CA events during daytime in comparison to nights or
weekends [11–15].

Over the past decades, more attention has been paid to improvement of pre-
hospital resuscitation practices, supporting spreading of the AHA Guidelines,
implementation of Chain of Survival, and granting the possibility of early defi-
brillation with automated external defibrillators by lay bystander [3]. However,
OHCA survival improved only slightly and, although it varies widely among
studies and regions [13], it remained very low and worse than IHCA [3, 14–17].

In a systematic review and meta-analysis involving about 140,000 patients over
a period of about 30 years, Sasson et al. [14] confirmed that survival of OHCA is
below 10 %. Proposed explanations were: lower incidence of ventricular fibrilla-
tion as presenting rhythm in comparison to IHCA, older population, and longer
delay of emergency medical service response because of urbanization and popu-
lation growth. Moreover, the authors showed that, in the prehospital setting, CA
survival and hospital discharge were associated with specific clinical features:
witnessed CA, type of professional involved (medical or paramedical personnel or
lay bystander), quality of CPR, presenting rhythm, and ROSC. When CA was
witnessed and/or expert personnel performed CPR and/or initial rhythm was
shockable, outcome was more favorable [14, 15]. Early defibrillation [16, 17] and
also CPR quality positively affected survival [18]; on the contrary, ventricular
fibrillation duration was associated with worse prognosis [19].

Lately, lack of improvement over recent years in outcome of in-hospital and
out-hospital refractory CA prompted to consider new solutions. In the early 1960s,
Kennedy [20] treated eight patients with refractory CA by the heart–lung machine
at Cleveland Metropolitan General Hospital; all but one survived. Despite the
disappointing results of first studies [21, 22], recent advances in technology with
miniaturized portable device and heparin-coated circuits enabled a wider appli-
cation of the technique and promoted the use of extracorporeal membrane oxy-
genation (ECMO) or extracorporeal life support (ECLS) in refractory CA, yielding
more encouraging outcome results [11, 21, 23–26]. Massetti et al. [11] analyzed
the impact of ECLS on survival in patients with in-hospital refractory CA at the
University Hospital of Caen between 1997 and 2003. Among 40 patients treated
with ECLS, 22 were disconnected from the device because of brain death or
multiorgan failure, 18 survived after 24 h, and 8 were alive after 18 months with
no neurologic abnormalities. Another 3-year long prospective observational study
[25] reported the use of ECLS versus conventional CPR in patients suffering IHCA
of cardiac origin and disclosed even better results. The analysis was performed on
92 patients matched by propensity score analysis to equalize potential confounding
factors for prognosis. ECLS group survival rate was significantly higher compared
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to conventionally treated group at discharge, after 30 days and at 1 year. Later,
these results were confirmed by Shin et al. [23] in a retrospective study based on
similar propensity score matching and that reviewed data on 120 patients collected
between 2003 and 2009. ECLS group showed significantly higher survival rate
with minimal neurologic impairment in comparison to conventional CPR group at
discharge and after 6 months. This was confirmed in the subgroup of patients with
a cardiac etiology of CA.

Taken together, these studies might suggest that extracorporeal cardiopulmo-
nary resuscitation is a feasible and safe therapeutic option in patients with
refractory CA, even if it remains a low-level recommendation by American
Guidelines (IIb) [27] in the absence of randomized trials. In this promising context,
an unsolved question is whether patients who show signs of spontaneous circu-
lation return after prolonged CPR could further benefit from ECMO [25]. In a
propensity analysis on 3-year data performed by Lin et al. [28], patients who had
return to spontaneous beating (ROSB) after ECLS institution, had survival rate
similar to patients who had ROSC after conventional CPR at hospital discharge,
after 30 days, at 6 months, and 1 year. However, as authors pointed out, patients
with ROSC had a myocardium able to provide an adequate cardiac output,
although supported by catecholamine, while in patients with ECLS, ROSB was
achieved during ventricular unloading and adequate blood flow to peripheral
organs was granted by extracorporeal support. Thus, ROSC and ROSB appear as
different and not comparable physiological endpoints. As a matter of fact, ECLS
could be indicated in patients with ROSC and persisting shock to sustain circu-
lation [23] avoiding, at the same time, additional myocardial stress due to high
inotropic support.

Besides the benefits on survival rate of refractory CA and on circulation support
during persistent post-CA shock, ECLS claims other advantages. First, in patients
with refractory CA of unknown origin, ECLS allows to perform advanced
radiologic and other diagnostic examinations [29] to identify definitive treatment
such as surgical or percutaneous revascularization [23, 30]. Second, ECMO pro-
vides rapid cooling and rewarming when hypothermic strategy has to be applied
for neuroprotection [28]. In particular, ECLS is recommended by most recent
guidelines to get fast rewarming and circulatory support in patients with CA due to
accidental hypothermia [31]. Moreover, ECLS protective effects on cardiac
arrhythmias were recently described by Morita et al. [32] in severe hypothermic
patients with or without CA. Finally, ECLS could also be applied in cardiogenic
shock caused by drugs intoxication [33, 34].

ECMO is actually used in special clinical situations to support circulation, i.e.,
ECMO could ‘‘buy time’’ in patients with terminal heart failure waiting for heart
transplant [35] and, when cerebral death occurs after post-CA anoxic damage,
ECMO could provide peripheral perfusion and preserve organs for donation [22].
However, a detailed description of these indications is beyond the scope of this
chapter.

11 Extracorporeal Membrane Oxygenation Strategy in Cardiac Arrest 111



11.2 When ECMO: A Special Therapy for Highly Selected
Patients

Kennedy et al. [20] already considered ECMO in selected patients with refractory
CA and no signs of cerebral damage. For the sake of clarity, it is worthwhile to
define ‘‘no-flow time’’ as the duration of CA before start of CPR (i.e., without any
cardiac output): this time represents a key point for the success of ECMO [22]. In
fact, in the clinical setting it has been reported longer no-flow time in OHCA
compared to IHCA [36]. For this reason the evaluation of the no-flow time appears
to be essential. In the clinical setting, another indirect index of the perfusion deficit
to heart is the end tidal carbon dioxide (ETCO2) tension: an ETCO2 level lower
than 10 mmHg measured 20 min after ACLS initiation seems to accurately predict
death in CA with pulseless electrical activity [37]. Thus, we suggest that ETCO2

could drive ECMO use. The same consideration, obviously, can be applied to low-
flow time. ‘‘Low-flow time’’ is the duration of CA with low cardiac output (i.e.,
during CPR). Kagawa et al. [30] showed more favorable outcome in patients
treated with ECLS after IHCA compared to those after OHCA, with longer delay
between circulatory collapse and ECMO in the latter [12, 36]. Actually there is no
agreement on the cutoff low-flow time as it varies between authors and it also
depends on the quality of CPR. Thus, in general, the shorter the low-flow time, the
better the outcome expected. Although 30 min as low-flow cutoff to start ECMO
has been suggested [38], evidence that ECMO allows for longer CPR duration has
been reported [11, 24, 30, 36, 39]. Massetti et al. [11] reported an average of
72 min of low-flow CPR before the institution of ECMO in surviving patients;
Chen et al. [38] further extended this time having a probability of survival of
approximately 10 % in patients in whom CPR lasted up to 90 min. Recently,
ECMO beneficial effects were also reported in patients receiving about 180 min of
CPR before [37]. The explanation of the ECLS benefit on survival despite long
CPR before ECMO is difficult to establish. Chen et al. [39] suggested that prompt
institution of assisted perfusion with extracorporeal support could reverse evolu-
tion to multiorgan failure and reduce progressive acidosis and post-CPR myo-
cardial stunning, providing the so-called ‘‘back from irreversibility’’ [11].

CPR quality is also critical for neurologic outcome. Abella et al. [40] analyzed
67 patients undergoing CPR after CA and showed that in-hospital CPR was highly
variable and not consistent with current guideline recommendations, even if per-
formed by well-trained medical personnel. Similar results were found by a study
aimed at verifying quality of CPR in 167 patients with OHCA treated by para-
medics and nurse anesthetists: chest compressions were too shallow and not
delivered for half of the time [18]. Higher variability in chest compressions
delivered in the prehospital setting compared to the emergency department was
also found [41]. Other factors that could affect CPR quality and impact survival are
the need for transport, and the introduction of automated band chest compression
device instead of manual chest compression. Despite first discouraging results
[42], recently promising data have been reported. Duchateau et al. [43] showed
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that in patients with OHCA treated with automated chest compression device
blood pressure increased. In a prospective cohort [44] study, 1,011 patients suf-
fering from prolonged CA in emergency department were treated with low dis-
tributing band (LBD) CPR or manual CPR. A higher rate of survival and improved
neurological performance on discharge were observed in LBD CPR treated group
compared to manual CPR.

Laboratory parameters have also been studied to find early predictive criteria of
outcome persistent CA patients treated by cardiopulmonary bypass. Megarbane
et al. [37] found that low peripheral venous oxygen saturation (SpvO2 \8 %)
obtained before cardiopulmonary bypass start predicted early evolution toward
multiorgan failure in patients with refractory CA. Low fibrinogen, prolonged
prothrombin time, and elevated lactate concentration could also suggest ECLS
futility. Development of multiorgan failure was described when lactate concen-
tration was higher than 21 mmol/L [37] as longer the duration of CA until ECLS,
the greater the level lactates will reach [22]. An exception is the poisoning-related
CA, where complete recovery was previously reported in patients with lactate
levels up to 39 mmol/L [26]. However, a cutoff lactate level, which exactly sug-
gests ECLS futility, has not been established yet. Interest in measuring lactate
clearance during ECLS has recently grown, as ECLS was shown to significantly
decrease lactate levels in 1 h [22]; moreover, a rapid decrease in lactate concen-
trations after 48 h on ECLS has been reported in survivors following refractory
CA [26]. These data could suggest reasonable criteria for early ECLS discontin-
uation when futile but further studies are required. Up to now, no definitive data
exist to suggest the criteria for early discontinuation of extracorporeal support for
futility.

11.3 How ECMO: Advance in Technology for Extended Use

Basically, ECLS circuit consists of a portable centrifugal blood pump, a hollow
fiber oxygenator with an integral heat exchanger, and bypass cannulae. Recent
advances in technology allowed a wider use of ECMO: from central double-lumen
cannulation to peripheral cannulation coupled with miniaturized, portable extra-
corporeal devices, to heparin-coated and more biocompatible circuits.

Usually, femoral vessels are percutaneously cannulated with a modified Sel-
dinger technique [30, 36, 37, 45] or surgically [11, 22]; then, according to the
patient’s size, arterial (15 or 17 Fr) and venous cannulae (21 up to 29 Fr) are
selected. Arterial cannula is positioned up to aortic–iliac junction, while the tip of
the venous cannula is pushed into the right atrium and its correct position con-
firmed by radiologic examination or by echocardiography.

ECLS is in general handled by perfusionists or trained ICU personnel: blood
flow is adjusted to maintain a cardiac index of 2.6 L/min or higher (we suggest an
inlet venous saturation above 70 %); echocardiography is performed to verify
cardiac contractility, ventricular distension, and valve opening: if necessary, low
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dose of dobutamine is infused to maintain pulsatile flow, to decompress left heart
and minimize the risk of intracardiac clot.

Mild hypothermia [36, 46] is implemented during the first 24 h post-CA for
neuroprotection; controlled or spontaneous ventilation is set to maintain an ETCO2

level of at least 20 mmHg and dead space is increased if necessary. Positive end-
expiratory pressure is usually set at 10 cmH2O to avoid alveolar derecruitment.
After initial unfractionated heparin bolus given during the placement of arterial
cannula, continuous intravenous infusion is performed to keep an activated clot-
ting time between 160 and 180 [36] or 160 and 200 s [30, 38] or even higher when
extracorporeal blood flow is reduced [11, 30, 39].

Weaning is attempted only when cardiac function improves. Weaning test is
carried out by reducing ECMO blood flow, while monitoring cardiac contractility
by echocardiography and by hemodynamic parameters. Sometimes, inotropic
support is required to wean-off ECMO. If cardiac output increases while heart
diameters remain stable under echocardiographic view, withdrawal of ECMO is
conceivable [47].

Hemorrhage is one of the most serious complications and frequently requires
transfusions [11, 48, 49]. In case of cannulation of femoral vessels, the following
complications are reported: vena cava tears with subsequent retroperitoneal
bleeding; retrograde aortic dissection [49]. Subsequent early surgical revisions
were reported [11, 21].

Another complication is lower limb ischemia requiring urgent revascularization
[33]. Huang et al. [50] conducted a prospective study to identify patients at risk to
develop leg hypoperfusion, by measuring blood pressure in the superficial femoral
artery. They proposed a mean perfusion pressure below 50 mmHg as criteria to
provide distal leg reperfusion and avoid leg ischemia but also futile distal cannula
insertion. Major thromboembolic events can also occur [30, 33]; finally infective
complications such as pneumonia and sepsis are reported [30] mainly related to
heavy sedation and multiple intravascular catheters.

11.4 Conclusion

IHCA and OHCA remain characterized by elevated mortality. The introduction of
the life-support chain concept into practice improved survival rate but it appears
inadequate in patients with refractory CA. With recent advances in technology,
ECMO had been introduced as therapeutic option in refractory CA, and it showed
beneficial effects in patients after conventional approach failure. We believe that
ECMO is a special therapy that could represent a further effective link in the Chain
of Survival in highly selected patients not responding to first treatment and if
provided by an experienced ECMO team.

IHCA appears the most promising setting for successful ECMO application; in
order to extend its use in other settings it is essential to identify criteria able to
limit futility.
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12Vasopressors During CPR

Antonio Maria Dell’Anna, Claudio Sandroni
and Anselmo Caricato

12.1 Introduction

Cardiac arrest (CA) is the most severe medical emergency and it is often the
common end of different and sometimes untreated diseases. Epidemiological data
report 165,000–450,000 cases of CA each year in the United States [1, 2]. Despite
recent advances in resuscitation medicine, survival rate at hospital discharge is
5–8 % for out-of-hospital CA (OHCA) and 10–15 % for in-hospital CA (IHCA)
[3]. While early provision of basic life-support measures, such as good quality
cardiopulmonary resuscitation (CPR), together with early automated external
defibrillation may significantly increase survival after CA [4], the benefit of
advanced strategies like advanced airway management or drug administration has
not been clearly demonstrated [5].

Vasopressors, in particular epinephrine (adrenaline), represent the mainstay of
drug therapy during resuscitation, especially after CA due to non-shockable
rhythms [6]. In this chapter we will examine the rationale for their use and how
they affect patients’ survival.
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12.2 Rationale for Vasopressors in Cardiac Arrest

The occurrence of CA determines a sudden stop of delivery of blood flow to vital
organs like heart and brain. CPR partially restores this blood flow, but the cardiac
output produced is low, about 20–30 % of its normal value. The amount of blood
flow to the heart depends on the coronary perfusion pressure (CPP) defined as
aortic diastolic pressure minus right atrial pressure. Both experimental and human
data prove that CPP lower than 15–20 mmHg during CPR is associated with poor
survival and low rates of successful defibrillation [7].

Vasopressor drugs increase CPP by increasing aortic diastolic pressure and
systemic vascular resistance, diverting blood flow from peripheral to vital organs.
Animal studies [7, 8] demonstrated that epinephrine increases both myocardial and
cerebral blood flow during CPR, and facilitates recovery of spontaneous circula-
tion (ROSC).

12.2.1 Epinephrine

Epinephrine is an endogenous catecholamine produced by adrenal medulla, with a
short (3–5 min) half-life. It acts on adrenergic receptors, especially on a1, b1, and
b2. The vasoconstrictor (a1) effect of epinephrine increases diastolic arterial
pressure [9] during CPR.

Conversely, cardiac stimulation from b1 effect is not beneficial during CPR,
since the heart is not contracting and cardiac output depends essentially on chest
compression [10]. Moreover, b1 stimulation may potentially increase myocardial
oxygen consumption and worsen the imbalance between oxygen demand and
supply. This possible detrimental effect has been suggested by animal studies
showing an increase in cardiac lactate after epinephrine administration during CPR
[11]. There is evidence that the b1 effects of epinephrine may worsen post-
resuscitation myocardial dysfunction. This consists of a transient reduction of
myocardial performance from pre-arrest levels which is commonly observed after
ROSC [12] and which may potentially lead to multiorgan failure and death. In an
experimental model of cardiac arrest and resuscitation, Tang et al. [13] demon-
strated that post-resuscitation myocardial dysfunction was more severe in animals
treated with epinephrine than in those treated with a-agonist phenilephrine or with
a combination of epinephrine and the b1-blocker esmolol. Laboratory studies have
shown that administration of b-blockers during CPR could reduce detrimental
effects of epinephrine on the heart, at least in VF/VT arrest [14, 15]. Clinical
studies are needed to assess whether this protection may be effective in human
subjects as well [16].

An elegant laboratory study by Ristagno et al. [17] questioned the beneficial
impact of epinephrine during CPR also on the neurological side. The study showed
that despite an increase in cerebral perfusion pressure, epinephrine actually
reduced microcirculatory cerebral blood flow. This effect disappeared when
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epinephrine was associated to a1-receptor blockade. The authors concluded that
epinephrine could activate the a1-receptor subtype on cerebral and pial arterioles,
inducing small-vessel constriction.

12.2.2 Vasopressin

Vasopressin is an endogenous nonapeptide, synthesized by neurons of the supra-
optic and paraventricular nuclei of hypothalamus, and released in the posterior part
of the pituitary gland. Vasopressin release occurs mostly during dehydration,
severe hypotension, or hypovolemia [18].

Three types of vasopressin receptors have been identified: V1, V2, and V3.
While the V2 receptors mediate water reabsorption and V3 mediate the effects of
vasopressin on central nervous system, the V1 receptors mediate cardiovascular
effects, consisting in skin, skeletal muscle, and splanchnic blood vessel
vasoconstriction.

The rationale for vasopressin use during CPR derives from its capability to
increase blood pressure without causing direct myocardial stimulation. In addition,
there is the observation that vasopressin levels are higher in patients successfully
resuscitated than in nonsurvivors after CA [19]. Animal investigations have
demonstrated that vasopressin doses between 0.4 and 0.8 U/kg led to a signifi-
cantly higher coronary perfusion pressure and myocardial blood flow than epi-
nephrine and were associated with a higher percentage of successfully resuscitated
animals [20, 21]. Moreover, vasopressin has a longer half-life (15–20 min) than
epinephrine, making vasopressin apparently more resistant to increasing acidosis
that arises while duration of cardiac arrest and CPR increases [22].

However, adverse cardiovascular effects of vasopressin have been described as
well. They are related to the persistent vasoconstriction and increased myocardial
afterload induced by this drug, as shown in laboratory model of CA [23] and in
humans affected by cirrhosis [24].

12.2.3 Epinephrine Versus Vasopressin: Results of Clinical Trials

Given the potentially detrimental effects of epinephrine, an increasing interest has
been directed toward vasopressin and many studies tried to define any possible
beneficial and/or less detrimental effect of this vasopressor compared to
epinephrine.

A first randomized trial from Lindner et al. [25] compared administration of
40 IU of vasopressin versus 1 mg of epinephrine in 40 OHCA patients who did not
respond to three consecutive defibrillation shocks. Results showed that patients
treated with vasopressin had a 50 % increase in survival to hospital admission and
a 66 % increase of survival at 24 h. However, a subsequent randomized placebo-
controlled trial from Stiell et al. [26] on 200 adult in-hospital patients comparing
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the same doses of the previous study did not confirm those results. Another study
by Wenzel et al. [27] on 1,186 OHCA compared 40 IU of vasopressin or 1 mg of
epinephrine during two consecutive ALS cycles, followed by additional boluses of
epinephrine if needed. Outcomes were comparable between groups, except for a
very small subgroup of asystole cardiac arrests which showed an increased
survival to hospital discharge in patients treated with vasopressin compared to
those who received epinephrine (12/257 [4.7 %] vs. 4/262 [1.5 %] p = 0.04).
A meta-analysis [28] of these three studies found no differences in major outcome
measures, including ROSC failure (risk ratio [RR] for vasopressin 0.81, 95 % CI:
0.58–1.12), death before hospital admission (RR 0.72, 95 % CI: 0.38–1.39), death
within 24 h after hospital admission (RR 0.74, 95 % CI: 0.38–1.43), and death
before hospital discharge (RR 0.96, 95 % CI: 0.87–1.05). No differences were
found in subgroup analysis based on the presenting rhythms of cardiac arrest, as
well.

To investigate the potential synergistic effects of vasopressin plus epinephrine,
a larger multicenter placebo-controlled study was carried out on 2,894 out-of-
hospital cardiac arrest patients who were randomized to receive either 1 mg of
epinephrine plus 40 IU of vasopressin or epinephrine alone. In both groups,
additional epinephrine was given if needed [29]. Unfortunately, the study did not
show any differences between the two interventions in terms of ROSC (28.6 vs.
29.5 %; relative risk, 1.01; 95 % CI: 0.97–1.06), survival to hospital admission
(20.7 vs. 21.3 %; relative risk of death, 1.01; 95 % CI: 0.97–1.05), and survival to
hospital discharge (1.7 vs. 2.3 %; relative risk, 1.01; 95 % CI: 1.00–1.02). The
rates of good neurological recovery were also similar in the two groups. The study
included a high percentage of patients with asystole (82.4 %), which made it very
suitable for investigating the possible benefit of vasopressin in that specific group
suggested by the previous study.

A recent meta-analysis [30] summarized the results of clinical trials on vaso-
pressin for cardiac arrest and it included 4,475 patients from six randomized
controlled trials published from 1997 to 2009. The authors carried out a subgroup
analysis according to initial cardiac rhythm and time from collapse to drug
administration. Results showed that vasopressin did not improve overall rates of
recovery of spontaneous circulation, long-term survival, or favorable neurological
outcome. In the subgroup of patients with asystole in whom the time to drug
administration was \20 min, vasopressin was associated with a significantly
higher rate of both ROSC and long-term survival rates (OR 1.70 [95 % CI:
1.17–2.47] p = 0.005, and OR 2.84 [95 % CI: 1.19–6.79] p = 0.02, respectively).
However, this subgroup included only 27 patients (20 in the vasopressin group and
7 in the control group) from three different trials and no data on neurological
outcome were available.

Based on the results shown above, the ERC 2010 Guidelines [6] refer uniquely
to epinephrine as standard vasopressor during CPR, while the AHA 2010
Guidelines [31] consider vasopressin as an alternative to the first or the second
dose of epinephrine, at a dose of 40 IU.
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12.3 Are Vasopressors During CPR Really Needed?

Recently, the limited evidence in favor of advanced life-support measures and the
evidence of possible harm from epinephrine in the post-resuscitation phase raised
the question of whether drugs should be used at all during cardiac arrest. To
address this point, Olasveengen et al. designed an RCT where 851 OHCA patients
were randomized to receive advanced life support (ALS) with or without intra-
venous drug administration [32]. To assess a possible interference from venous
cannulation on CPR in the no-drug group, venous access and drugs were allowed
only 5 min after ROSC. CPR quality was monitored by transthoracic impedance.
Results of this trial showed that patients treated with epinephrine had significantly
higher ROSC rates (40 vs. 25 %, OR 1.99 [95 % CI: 1.48–2.67] p = 0.001), and
longer duration of CPR attempts, during which a higher number of defibrillation
shocks were given. Survival to hospital discharge, however, was not significantly
different between the two groups, despite a minimal trend in favor of the drug
group (10.5 vs. 9.2 %, OR 1.16 [95 % CI: 0.74–1.82] p = 0.61).

Results of the Olasveengen study suggest that in OHCA adults the adminis-
tration of drugs does not improve any relevant outcome, except short-term
survival. However, the study was not specifically focused on vasopressors.
Epinephrine was administered in 79 % of patients in the drug group but its specific
clinical effect could not be assessed separately. Moreover, the intervention could
not be blinded.

A double-blind, controlled RCT specifically designed to assess the effects of
administration of epinephrine on survival from cardiac arrest was later conducted
by Jacobs et al. [33]. The study was unfortunately underpowered because of ethical
concerns, so that only 534 out of 4,426 previewed patients were enrolled. Results
showed that the epinephrine group had a significantly higher likelihood of
achieving ROSC (23.5 vs. 8.4 %; OR 3.5; [95 % CI: 2.1–6.0]) and more than
twice the odds of surviving to hospital discharge, although this difference was not
significant (4.0 vs. 1.9 %; OR 2.1 [0.7–6.3]).

In 2012, in a very large prospective observational study on 417,188 OHCA
patients in Japan, Hagihara et al. [34] compared the outcomes of patients treated
by prehospital personnel that were allowed to administer epinephrine during out-
of-hospital CPR with that of patients resuscitated from prehospital personnel that
were not allowed to administer epinephrine. Results confirmed that in propensity-
matched patients prehospital administration of epinephrine was associated with
significantly higher ROSC rates before hospital arrival (adjusted OR, 2.51 [95 %
CI: 2.24–2.80] p \ 0.001) but worse long-term outcome measures (adjusted OR
for 1-month survival, 0.54 [95 % CI: 0.43–0.68] for survival with CPC 1–2: 0.21
[95 % CI: 0.10–0.44]).

Another observational study conducted in Japan [35] in 3,161 OHCA patients,
of whom 1,013 (32.0 %) received epinephrine showed that patients receiving
epinephrine had a significantly lower rate of neurologically intact 1-month survival
as compared with the non-epinephrine group (4.1 vs. 6.1 %, p = 0.028).
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12.4 Vasopressors for CA: Should We Keep Using Them?

Evidence presented so far suggests that vasopressors have a positive effect on
immediate survival [36] after cardiac arrest but they do not improve patient-
important outcomes, such as long-term survival and may possibly be detrimental
on neurological outcome. There are three possible explanations for this. A first
explanation could be that vasopressors often restore spontaneous circulation in
patients who are simply ‘‘too ill to survive’’ and who will die shortly after ROSC
from irreversible organ damage. However, it is also possible that the additional
quota of patients who have ROSC due to the effect of vasopressors are potentially
salvageable with the improvement or a better implementation of post-resuscitation
care; it should be noted that in particular, implementation of therapeutic hypo-
thermia is still incomplete in Western countries [37, 38]. A third explanation could
be that vasopressors from one side increase the success rate of cardiac resuscitation
because they improve coronary perfusion but on the other side also reduce the
chances of survival for many resuscitated patients because of their side effects,
such as increased post-resuscitation myocardial dysfunction or decreased cerebral
microcirculation.

The pivotal role of microcirculation in resuscitation is also confirmed from the
results of recent experimental studies showing that administering sodium nitro-
prusside during resuscitation increases both survival and neurological outcomes.
The rationale of nitroprusside administration during CPR would consist in its
vasodilator effects which could improve both cerebral blood flow and tissue
perfusion [39, 40].

12.5 Conclusion

The role of vasopressors during resuscitation should be completely reassessed,
based on recent evidence suggesting that they increase ROSC rates but are not
associated to an increase in survival to hospital discharge. The potential harmful
effects of epinephrine on post-resuscitation myocardial dysfunction, cerebral
perfusion, and organ microcirculation also represent a concern. The forthcoming
2015 guidelines on resuscitation will need to provide a clear recommendation on
whether administration of vasopressors during advanced life support is still
indicated.
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13Targeting Mitochondria During CPR

Raúl J. Gazmuri

13.1 Mitochondria and Cardiac Resuscitation

Sudden cardiac arrest is a major public health problem with *360,000 cases
assessed every year by Emergency Medical Services in the United States yielding
a survival rate to hospital discharge that averages only 9.5 % [1]; a percentage that
has improved very little over the past decade. Restoration of cardiac activity
requires reperfusion by external means (i.e., CPR) of a myocardium that has been
ischemic for a variable period of time. Reperfusion is obligatory to deliver the
oxygen required for mitochondria to restore capability to regenerate ATP (i.e.,
bioenergetic function) and thus create the conditions required for resumption of an
electrically organized and mechanically competent cardiac activity. Yet, reperfu-
sion also triggers injury that largely involves generation of reactive oxygen species
[2] and mitochondrial calcium overload [3, 4]. This injury further compromises
mitochondrial bioenergetic function and thus the conditions required for successful
cardiac resuscitation [5].

Current resuscitation methods focus almost exclusively on means to generate
blood flow and terminate ventricular fibrillation (VF) but lack therapies directed at
protecting mitochondria. In this chapter, basic concepts of mitochondrial function
are discussed along with experimental evidence pointing to mitochondrial
involvement and interventions to protect their function in helping to restore
cardiac activity and lessen post-resuscitation myocardial dysfunction.
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13.2 Mitochondrial Function and Dysfunction

13.2.1 Bioenergetic Function

Mitochondria are highly abundant in myocardial tissue encompassing *35 % of
the cardiomyocyte volume, and are ‘‘strategically’’ located to power contractile
activity adopting a ‘‘crystal-like’’ structure with one mitochondrion per sarcomere
[6]. Transfer of energy contained in nutrients to molecules of ATP starts with the
reduction of nicotinamide adenine dinucleotide (NAD+) to NADH and flavin
adenine dinucleotide (FAD) to FADH2 in the mitochondrial matrix. NADH and
FADH2 transfer their electrons down a redox potential through complexes I, II, III,
and IV of the electron transport chain to oxygen; the final electron acceptor.
Complexes I, III, and IV are also proton pumps and translocate H+ against their
electrochemical gradient from the mitochondrial matrix to the inter-mitochondrial
membrane space creating a proton motive force that powers the enzyme FoF1

ATPsynthase to regenerate ATP from ADP and inorganic phosphate (Fig. 13.1).
The newly synthesized ATP is then exchanged for ADP across the inner-mito-
chondrial membrane by the adenine nucleotide translocator (ANT). The newly
synthesized and translocated ATP is used to phosphorylate creatine which is then

Fig. 13.1 Schematic rendition of key mitochondrial components involved in ATP synthesis via
oxidative phosphorylation. OMM, outer mitochondrial membrane; IMM, inner-mitochondrial
membrane; I, II, III, and IV, electron transport complexes of the respiratory chain; e-, electrons;
Q, coenzyme Q; C, cytochrome c; ANT, adenine nucleotide translocator; NADH, reduced
nicotinamide adenine dinucleotide; FADH2, reduced flavin adenine dinucleotide
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exported outside mitochondria to regenerate ATP being used in various energy
requiring processes (Fig. 13.2). Measuring the amount of creatine phosphate rel-
ative to total creatine is indeed a useful indirect measurement of mitochondrial
function.

13.2.2 Cell Death Signaling and Cytochrome c Release as Marker
of Mitochondrial Injury

In addition to its bioenergetic function, mitochondria also participate in processes
leading to cell death via necrosis or apoptosis. Various distinctive mechanisms
have been identified including opening of the so-called mitochondrial permeability
transition pore (leading to collapse of the proton motive force and uncoupling of
respiration) [7] and release of various pro-apoptotic proteins, including cyto-
chrome c, apoptosis-inducing factor, Smac/DIABLO, endonuclease G, and a serine
protease Omi/HtrA2 [8, 9]. Of these proteins, cytochrome c has been the most
widely studied, including work in our laboratory [10, 11].

Cytochrome c is a 14-kDa hemoprotein that normally resides in the outer
surface of the inner-mitochondrial membrane bound to cardiolipin [12]. Cyto-
chrome c plays a crucial role in oxidative phosphorylation enabling transfer of
electrons from complex III to complex IV (Fig. 13.1). However, cytochrome c can
also translocate to the cytosol under various pathological conditions including
(among others) oxidative stress [13], calcium overload [14], and injury by hypoxia
and reoxygenation [15, 16]. In the cytosol, cytochrome c forms an oligomeric

Fig. 13.2 Schematic rendition of mitochondrial ATP synthesis and translocation to the cytosol
through the creatine phosphate shuttle. CK, creatine kinase; pCr, phosphocreatine; Cr, creatine
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complex with 2-deoxy-ATP and the apoptotic protease activating factor-1 [17].
This complex recruits procaspase-9 forming what is known as the apoptosome
leading to cleavage and release of active caspase-9, which in turn cleaves and
activates caspases-3, -6, and -7 [18–20]; the effectors of apoptosis.

Cytochrome c can also leave the cell and reach the bloodstream through
mechanisms apparently unrelated to cell necrosis [21, 22]. In patients, elevated
levels of circulating cytochrome c have been reported associated with conditions
able to injure mitochondria such as cancer [23, 24], chemotherapy [21, 25], acute
myocardial infarction [26], reperfusion after coronary intervention [27], possibly
cardiomyopathies [28], fulminant hepatitis [29], the systemic inflammatory
response syndrome [30], and influenza-associated encephalopathy [31, 32].

In a rat model of VF and CPR, we reported the release of cytochrome c to the
cytosol in left ventricular tissue with activation of the mitochondrial apoptotic
pathway through formation of the apoptosome as described earlier [10, 11].
However, in this model, activation of the mitochondrial apoptotic pathway did not
cause cell death or was responsible for the severe myocardial dysfunction that
characteristically occurs post-resuscitation [11]. In the same rat model, cyto-
chrome c reached the bloodstream and progressively increased during CPR and the
post-resuscitation period attaining levels that were inversely related to survival
[10]. Thus, in rats that survived, plasma cytochrome c increased modestly to levels
\2 lg/ml returning to baseline within 48–96 h. In rats that did not survive, plasma
cytochrome c increased at a much faster rate and attained levels substantially
higher than 2 lg/ml before demise, which was characteristically the consequence
of hemodynamic deterioration.

Based on these findings, we have postulated that plasma cytochrome c could
serve as biomarker of mitochondrial injury severity and be useful not only to
prognosticate outcome but also to assess therapies designed to attenuate or reverse
mitochondrial injury.

13.3 Mitochondrial Protection by Inhibition of the Sodium-
Hydrogen Exchanger Isoform-1

Our laboratory had investigated for more than a decade the potential beneficial
effects of inhibiting the sodium-hydrogen exchanger isoform-1 (NHE-1) during
cardiac resuscitation, showing protective mitochondrial effects leading to func-
tional myocardial effects that would be clinically relevant [5, 33–43].

13.3.1 Underlying Pathophysiology

The benefit associated with NHE-1 inhibition is linked to the pathophysiological
process of cell injury triggered by the intense and sustained intracellular myocardial
acidosis that develops during cardiac arrest after cessation of coronary blood flow
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[44–46]. Intracellular acidosis activates the sarcolemmal NHE-1 bringing Na+ into
the cell in exchange for H+ [47]. During the ensuing resuscitation effort, reperfusion
of the ischemic myocardium washes-out H+ that have accumulated in the extra-
cellular space during no-flow ischemia intensifying the sarcolemmal Na+–H+

exchange [33, 47, 48]. Na+ may also enter the cell through Na+ channels and the
Na+–HCO3

- co-transporter. The Na+ entering the cell is not extruded as it normally
would because of concomitant reduction of the Na+–K+ ATPase activity [49], such
that progressive and prominent increases in cytosolic Na+ occur.

The cytosolic Na+ excess drives sarcolemmal Ca2+ influx through reverse mode
operation of the sarcolemmal Na+–Ca2+ exchanger leading to cytosolic Ca2+

overload [50] and subsequent mitochondrial Ca2+ entry; a process which is reg-
ulated by the Ca2+ uniporter for influx and the Na+–Ca2+ exchanger for efflux [51].
Mitochondria can buffer large amounts of Ca2+ in its matrix up to a limit when free
mitochondrial Ca2+ rises, the mitochondrial Na+–Ca2+ exchanger becomes satu-
rated, and mitochondrial Ca2+ overload ensues [51] worsening cell injury in part
by compromising its capability to sustain oxidative phosphorylation [52] and by
promoting the release of pro-apoptotic factors [53].

13.3.2 Relevance to Cardiac Resuscitation

The relevance of this mechanism of injury and potential therapeutic target is
highlighted by preclinical work at the Resuscitation Institute using various animal
models and other capabilities at the cellular and subcellular levels over more than a
decade, strongly supporting a role of NHE-1 inhibition for resuscitation from
cardiac arrest [5, 33–43].

Effects during VF: Initial observations were made in an isolated rat model of VF
and simulated resuscitation using the NHE-1 inhibitor cariporide [33, 34]. In these
studies, infusion of the NHE-1 inhibitor cariporide during simulated resuscitation
markedly attenuated left ventricular pressure increases suggesting that NHE-1
inhibition could help preserve left ventricular distensibility during cardiac resus-
citation. Post-resuscitation, hearts treated with cariporide had their end-diastolic
pressure–volume curves preserved suggesting a beneficial effect preventing post-
resuscitation diastolic dysfunction. These observations were followed by work in a
clinically more relevant swine model of VF and CPR, showing that cariporide
given as bolus dose immediately before starting chest compression could also
preserve left ventricular distensibility during CPR in the intact animal, evidenced
by preservation of wall thickness and cavity size. Preservation of left ventricular
distensibility enabled chest compression to sustain the generation of coronary
perfusion pressures at stable levels in contrast to controls animals in which the
coronary perfusion pressure progressively declined. As a result, higher resuscit-
ability was observed in animals treated with cariporide (2/8 vs. 8/8; p \ 0.05) [36].

We hypothesized that the observed hemodynamic benefits in the swine model
could reflect the ability of chest compression to generate a greater cardiac output
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for a given compression depth as a result of preservation of left ventricular
distensibility. In other words, a more distensible left ventricle would allow a larger
volume of blood to fill the cavity before compression resulting in more blood
ejected by the ensuing compression. To test this hypothesis, we conducted studies
on an intact rat model of VF and CPR and measured cardiac output and regional
organ blood flow using fluorescent microspheres while varying the depth of
compression [38].

Two series of 14 experiments each were conducted in which rats were subjected
to 10 min of untreated VF followed by 8 min of chest compression before
attempting defibrillation. Compression depth was adjusted to maintain an aortic
diastolic pressure between 26 and 28 mmHg in the first series and between 36 and
38 mmHg in the second series. Within each series, rats were randomized to receive
cariporide (3 mg/kg) or NaCl 0.9 % (control) before starting chest compression.
In rats that received cariporide, higher cardiac output and higher regional organ
blood flow (including heart and brain) were generated for a given compression
depth. In other words, cariporide causes a very favorable leftward shift of the flow-
depth relationship as a result of maintaining left ventricular distensibility.

Because pressure is a function of flow and resistance, we further reasoned that
administration of a vasopressor agent could potentiate the hemodynamic effect of
shifting the flow-depth relationship to the left resulting in an even higher systemic
and coronary perfusion pressure. This was indeed the case as we demonstrated in
the same rat model of VF and closed-chest resuscitation [37]. These studies
involved two series of 16 experiments each using epinephrine in one series and
vasopressin in the other. Within each series, rats were randomized to receive
cariporide or NaCl control immediately before starting chest compression with the
vasopressor agents given during chest compression. A significantly higher coro-
nary perfusion pressure was generated when either vasopressor agent was given in
rats that had received cariporide. The effect was not mediated through a vascular
effect as the vasoconstrictive effects of epinephrine or vasopressin were not
enhanced by cariporide [37]. A similar effect was subsequently demonstrated
associated with the administration of epinephrine in our pig model of VF and
closed-chest resuscitation [39]. These effects on coronary perfusion pressure are
important; if translated clinically they could be highly relevant because only a
small increase in coronary perfusion pressure is required to have a dramatic effect
on resuscitability [54].

Effects on post-resuscitation arrhythmias and refibrillation: Another prominent
effect elicited by cariporide was the suppression of ventricular ectopic activity and
refibrillation that typically occurs early after return of cardiac activity [34, 36, 39,
55]. This effect was associated with preservation of the action potential duration
[36]; an effect that would facilitate preservation of the impulse wavelength and
thus reducing the risk of reentry [55]. This is also an important effect, which if
translated clinically could help stabilize initially resuscitated victim of out-of-
hospital cardiac arrest and avert re-arrest episodes during initial post-resuscitation
period while enroute to a hospital.
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Effects on post-resuscitation myocardial function: Variable degrees of systolic
dysfunction occur after resuscitation from cardiac arrest despite full restoration of
coronary blood flow. This phenomenon, known as myocardial stunning, is
reversible but reversibility may take hours or days and contingent on severity
compromise hemodynamic function and survival. Myocardial stunning is
amenable to inotropic stimulation [56, 57] and use of dobutamine has been shown
to facilitate hemodynamic stabilization post-resuscitation [58]. Diastolic
dysfunction also occurs in the post-resuscitation period and is linked to the same
pathophysiological abnormalities responsible for decreases in distensibility;
namely increases in diastolic Ca2+ overload and energy deficit precluding full
relaxation of cardiomyocytes. Administration of NHE-1 inhibitors during CPR in
our animal models also attenuated post-resuscitation left ventricular systolic and
diastolic dysfunction [41, 55].

13.3.3 Mechanism of the Resuscitation Effects

We also investigated the underlying mechanism of the benefit associated with use
of NHE-1 inhibitors. In a rat model of VF and closed-chest resuscitation, we
examined the effects of NHE-1 inhibition and of Na+ channel blockade (inter-
ventions collectively referred to as ‘‘Na+-limiting interventions’’) on intracellular
Na+, mitochondrial Ca2+, cardiac function, and plasma levels of cardiac troponin I
(cTnI) [40]. For these studies, hearts were removed at specific time events; namely
(i) at baseline, (ii) at 15 min of untreated VF, (iii) at 15 min of VF with chest
compression provided during the last 5 min of VF, and (iv) at 60-min post-
resuscitation. Rats from the last two time events were randomized to receive an
Na+-limiting intervention immediately before starting chest compression or
vehicle control. The Na+-limiting interventions included a newly developed NHE-
1 inhibitor AVE4454 (1 mg/kg), lidocaine (5 mg/kg), and the combination of
AVE4454 and lidocaine.

Limiting sarcolemmal Na+ entry attenuated increases in cytosolic Na+ and
mitochondrial Ca2+ overload during chest compression and the post-resuscitation
phase. Attenuation of cytosolic Na+ and mitochondrial Ca2+ increases was
accompanied by preservation of left ventricular distensibility during chest com-
pression, less post-resuscitation myocardial dysfunction, and lower levels of cTnI.
In similar studies, attenuation of post-resuscitation myocardial dysfunction by
NHE-1 inhibitors was associated with lesser increases in plasma cytochrome c in
inverse relationship with left ventricular function [43].

We also used an open-chest pig model of electrically induced VF and extra-
corporeal circulation to study the myocardial energy effects of inhibiting NHE-1
under conditions of controlled coronary perfusion pressure [41]. For this study, VF
was induced by epicardial delivery of an alternating current and left untreated for
8 min. After this interval, extracorporeal circulation was started and the systemic
(extracorporeal) blood flow adjusted to maintain a coronary perfusion pressure at
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10 mmHg for 10 min before attempting defibrillation. The target coronary
perfusion pressure was chosen to mimic the low coronary perfusion pressure
generated by closed-chest resuscitation. Two groups of eight pigs each were
randomized to receive the NHE-1 inhibitor zoniporide (3 mg/kg) or vehicle
control as a right atrial bolus immediately before starting extracorporeal
circulation. Like in previous studies using the NHE-1 inhibitor cariporide [36],
zoniporide also prevented reductions in left ventricular distensibility during the
interval of VF and extracorporeal circulation, which in control pigs was charac-
terized by progressive reductions in cavity size and progressive thickening of the
left ventricular wall. Importantly, these effects occurred without changes in
coronary blood flow or coronary vascular resistance indicating that the favorable
myocardial effects of NHE-1 inhibition during resuscitation are not likely to be
mediated through increases in blood flow and oxygen availability.

Myocardial tissue measurements indicated that administration of zoniporide
prevented progressive loss of oxidative phosphorylation during the interval of
simulated resuscitation. This effect was supported by a higher creatine phosphate-
to-creatine (pCr/Cr) ratio, higher ATP/ADP ratio, and lesser increases in adenosine
in animals treated with zoniporide. These measurements are consistent with
regeneration of ADP into ATP by mitochondria instead of downstream degrada-
tion to adenosine, with the newly formed ATP being used to regenerate creatinine
phosphate; all indicative of preserved mitochondrial bioenergetic function.

These changes were accompanied with prominent amelioration of myocardial
lactate increases, attaining levels which were inversely proportional to the pCr/Cr
ratio at 8 min of VF and extracorporeal circulation, suggesting a shift away from
anaerobic metabolism consequent to preservation of mitochondrial bioenergetic
function in pigs treated with zoniporide.

These energy effects are consistent with NHE-1 inhibition protecting mito-
chondrial bioenergetic function—probably as a result of limiting mitochondrial
Ca2+ overload—and supportive of the concept that left ventricular distensibility
during resuscitation is likely to be preserved by activating mitochondrial mecha-
nisms capable of maintaining bioenergetic function.

13.3.4 Barriers to Clinical Translation

Unfortunately, efforts by pharmaceutical companies to develop NHE-1 inhibitors
for clinical use have been modest at best and targeted only myocardial infarction
[59–61] and myocardial protection during coronary artery bypass surgery (CABG)
[60, 62]. Although the studies in acute myocardial infarction were inconclusive—
with only one of three studies showing myocardial benefits [59]—studies in
patients undergoing CABG—best represented by the EXPEDITION trial [62]—
demonstrated a prominent myocardial protective effect providing proof-of-concept
and lending support for NHE-1 inhibition in this clinical setting. The EXPEDI-
TION trial compared cariporide with placebo in 5,761 high risk patients
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undergoing CABG. Cariporide—given intravenously before surgery and after
surgery for 48 h—reduced the incidence of postoperative myocardial infarction
from 18.9 % in the placebo group to 14.4 % in the treatment group (p \ 0.001).
Unfortunately and unexpectedly, patients who received cariporide had higher
incidence of occlusive strokes. In subsequent analysis, the risk of stroke was linked
to an enhanced platelet aggregation effect related to a very high dose of cariporide
used in the study. However, the effect was unrelated to the mode of action and was
not observed with other NHE-1 inhibitors.

Experts in the field have attributed the inconclusive findings of NHE-1 inhi-
bition for acute myocardial infarction to the diminishing efficacy of NHE-1
inhibition when given only at the time of reperfusion after an extended period of
coronary occlusion [63, 64]; a concept that is also supported by studies in a porcine
model of coronary occlusion and reperfusion [65]. Likewise, the benefit observed
in the CABG population can be explained by the administration of NHE-1
inhibitors before the anticipated episodes of myocardial ischemia [62]. In contrast
to acute myocardial infarction and CABG, cardiac arrest is characterized by rapid
development of intense myocardial ischemia (and other organs including the brain)
but without infarction thus enabling to intervene on tissues suffering potentially
reversible injury.

13.3.5 Alternative Strategies

Pending clinical development of NHE-1 inhibitors, we examined alternative
mitochondrial protective strategies using compounds that are clinically available
for other uses hypothesizing that mitochondrial protection through non-genomic
activation of protective pathways such as Akt or the use of antioxidants could be
beneficial. Applying this paradigm with first examined whether erythropoietin
administered at the start of CPR could be as effective as an NHE-1 inhibitor.
Studies in rat models of VF and CPR demonstrated a similar effect on left
ventricular distensibility and an effect favoring reversal of post-resuscitation
myocardial dysfunction in the presence of dobutamine [58, 66]. In these studies,
use of erythropoietin was associated with activation of Akt and PKCe in
myocardial tissue and preservation of activity of complex IV of the electron
transport chain. These effects, consistent with activation of mitochondrial
protective mechanisms, were also associated with an inverse relationship between
plasma cytochrome c and left ventricular function. However, in a more recent
study using a swine model of VF and resuscitation by ECC, we could not
reproduce the beneficial effects on myocardial distensibility observed in rats.
Moreover, no effects on myocardial energy metabolism or mitochondrial
protective pathways could be demonstrated despite a modest favorable effect on
post-resuscitation left ventricular systolic function [67].
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Examination of other potential interventions in our rat model, including vitamin
C [68] and estrogens (Unpublished) was not only ineffective but also associated
with decreased resuscitability and survival.

13.4 Conclusions

Our experience using various animal models of VF and resuscitation over the last
15 years indicates that mitochondria play a key role in resuscitation from cardiac
arrest and that therapies aimed at protecting mitochondrial bioenergetic function
have the potential for facilitating initial resuscitation and subsequent survival.
Based on our work we continue to look forward to the clinical development of
NHE-1 inhibitors for reducing mitochondrial Ca2+ overload as the most promising
experimental pharmacological intervention for cardiac resuscitation.
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14The Potential Contribution
of Corticosteroids to Positive Cardiac
Arrest Outcomes

Iosifina Koliantzaki, Spyros G. Zakynthinos
and Spyros D. Mentzelopoulos

14.1 Introduction

Over the past 50 years, the majority of research on cardiac arrest has focused on
improving the rate of return of spontaneous circulation (ROSC); however, many
interventions improved ROSC without improving long-term survival. The trans-
lation of optimized basic life support and advanced life support interventions into
the best possible outcomes is sine qua non in optimal post-arrest care. There is a
scarcity of data reported from the post-arrest in-hospital phase, and no generally
accepted, evidence-based protocol exists, other than brain protection-oriented
intensive care. For any further improvement in post-arrest care, we first have to
determine the relative contribution of potential, outcome-determining factors [1].

The importance of these factors leads to the addition of a fifth ring, post-
resuscitation care (Fig. 14.1), to the ‘‘Chain of Survival.’’ The idea is not new; the
hospital ring was included by Niemann [2] in 1982, and more recently, by Engdahl
et al. [3].
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14.2 Pharmacological Effects of Corticosteroids

Corticosteroids are a class of chemicals involved in a wide range of physiological
processes, including stress response, immune response, and regulation of inflam-
mation, carbohydrate metabolism, protein catabolism, blood electrolyte levels, and
behavior. The possible effect of exogenously administered steroids on cardiac
arrest outcomes was already hypothesized in 1988. Still, there is no definitive
evidence on their efficacy when given to cardiac arrest patients after ROSC.

The physiological effects of glucocorticoids can be summarized as follows:
1. Anti-inflammatory effects: Glucocorticoids inhibit inflammatory and allergic

reactions by decreasing the production of interleukin (IL)-2 as well as the
proliferation of T-lymphocytes, histamine, and serotonin release, and prosta-
glandin and leukotriene synthesis.

2. Renal effects: Glucocorticoids restore glomerular filtration rate and renal blood
flow to normal following adrenalectomy; in addition, they facilitate free water
excretion (clearance) and uric acid secretion.

3. Vascular effects: In pharmacological doses, cortisol enhances the vasopressor
effect of norepinephrine. In the absence of cortisol, the vasopressor action of
catecholamines is diminished, and hypotension ensues.

4. Stress adaptation: Corticosteroids allow mammals to adapt to various stresses in
order to maintain homeostasis. Stress is associated with the activation of the
hypothalamic–pituitary–adrenal axis.

5. Corticosteroids also have gastric, psychoneural, and antigrowth effects.
6. Metabolic effects: Glucocorticoids stimulate gluconeogenesis through: (a)

increase in protein catabolism and decrease in protein synthesis, resulting in
more amino acids being available to the liver for glyconeogenesis; (b) decrease
in insulin sensitivity and glucose utilization in adipose tissue; and (c) increase
in lipolysis, so as to offer more substrate for gluconeogenesis.

Fig. 14.1 The chain of Survival. Reproduced with permission from Ref. [1]. CPR Cardiopul-
monary resuscitation; ACLS Advanced cardiac life support
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14.3 Retrospective Data on Steroids in Cardiac Arrest

The potential usefulness of steroids in cardiac arrest has been previously assessed
in two retrospective studies. Grafton et al. [4] examined the effect of steroid
treatment on the early neurological outcome and in-hospital survival of 458
consecutive patients admitted after out-of-hospital cardiac arrest. Two hundred
and thirteen patients (47 %) received median doses of 24, 16, and 16 mg of
dexamethasone or its equivalent on days 1, 2, and 3 post-ROSC, respectively; the
reported median duration of treatment was 3.4 days, and 87 % of these patients
received steroid treatment for one week or less. Of those receiving steroids, 128/
213 (60 %) regained consciousness, and of those not receiving steroids, 150/245
(61 %) regained consciousness. There was no reported comparison of patient
baseline characteristics, despite the fact that the use of steroids was nonrandom-
ized. However, findings remained unchanged after using logistic regression to
adjust for differences in potential effect modifiers between the two treatment
groups. These factors were: witnessed or not witnessed cardiac arrest, use of
epinephrine or norepinephrine during resuscitation, and motor examination find-
ings, response of the pupils to light, presence of spontaneous eye movements, and
blood glucose level on hospital admission. According to the authors, these results
could not support any role of steroids in the treatment of global brain ischemia due
to cardiac arrest.

One year later, an article published in JAMA [5], concluded that ‘‘The routine
clinical practice of administering glucocorticoids after global brain ischemia is not
justified.’’ This was a retrospective analysis of prospectively collected data aimed
at evaluating the efficacy of thiopental in global cerebral ischemia. The study
included 262 initially comatose, cardiac arrest survivors, who made no purposeful
response to pain after ROSC. These patients were divided into four groups which
received either no glucocorticoids, or glucocorticoids at low doses (i.e., equivalent
to 1–20 mg of dexamethasone), or glucocorticoids at medium doses (i.e., equiv-
alent to 20–50 mg of dexamethasone), or glucocorticoids at high doses (i.e.,
equivalent to[70 mg of dexamethasone) within the first 8 h following ROSC. The
paper did not report a comparison of the baseline characteristics of the four patient
groups. Also, the glucocorticoid doses administered within 8–24 h post-ROSC
were unknown. Furthermore, the extent of the protocolized use of post-ROSC
hyperventilation (titrated to a PaCO2 of 25–35 mmHg) was not compared among
the four groups; hyperventilation may adversely affect cerebral blood flow and
neurological outcome [6]. Finally, cardiac arrest due to noncardiac causes (an
independent predictor of poor outcome [7]) was more frequent in the steroid-
treated patients. In that study, neurological outcome was scored using a
modification of the Glasgow–Pittsburgh Cerebral Performance Category Scale.
Steroid-treated groups versus the ‘‘no steroid’’ group had no significant
improvement in overall survival or neurological recovery [5].
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14.4 Defining the Postcardiac Arrest Syndrome

ROSC after prolonged, complete, whole-body ischemia is an unnatural
pathophysiological state created by successful cardiopulmonary resuscitation
(CPR). In the early 1970s, Negovsky recognized that the pathology caused by
complete, whole-body ischemia and reperfusion was unique in that it had a clearly
definable cause, time course, and constellation of pathophysiological processes
[8–10]. Negovsky named this state ‘‘post-resuscitation disease.’’ Although
appropriate at the time, the term ‘‘resuscitation’’ is now used more broadly to
include treatment of various shock states in which circulation has not ceased.
Moreover, the term ‘‘post-resuscitation’’ implies that the act of resuscitation has
ended. Negovsky stated that ‘‘a second, more complex phase of resuscitation
begins when patients regain spontaneous circulation after cardiac arrest (Fig. 14.2)
[8].’’ Therefore, the term ‘‘postcardiac arrest syndrome’’ seems more appropriate.

The high mortality rate of patients who initially achieve ROSC after cardiac
arrest can be attributed to a unique pathophysiological process that involves
multiple organs. Although prolonged, whole-body ischemia initially causes global
tissue and organ injury, additional damage occurs during and after reperfusion [11,
12]. The unique features of postcardiac arrest pathophysiology are often super-
imposed on the disease or injury that caused the cardiac arrest, as well as
underlying comorbidities. Therapies that focus on individual organs may com-
promise other injured organ systems. The four key components of postcardiac
arrest syndrome are (1) postcardiac arrest brain injury, (2) postcardiac arrest
myocardial dysfunction, (3) ischemia/reperfusion-triggered, systemic inflamma-
tory response, and (4) persistent underlying pathology [13].

Fig. 14.2 The phases of the
postcardiac arrest syndrome.
Reproduced with permission
from Ref. [13]
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14.5 Postischemic Myocardial Dysfunction and Corticosteroids

Postcardiac arrest myocardial dysfunction contributes to the low survival rate after
in-hospital and out-of-hospital cardiac arrest [14–16]. Laboratory and clinical
evidence, however, indicates that this phenomenon is both responsive to therapy
and reversible [16–21]. Immediately after ROSC, heart rate and blood pressure are
extremely variable. It is important to recognize that normal or elevated heart rate
and blood pressure immediately after ROSC can be caused by a transient increase
in local myocardial and circulating catecholamine concentrations [22, 23]. Using
an experimental model of coronary microembolization, Hori et al. [24] demon-
strated that after a rapid (i.e., 5–10 min lasting) recovery from the immediate,
microembolization-induced ischemic myocardial dysfunction, a progressive and
more prolonged (i.e., lasting for approximately 4 days) contractile dysfunction
develops in the presence of an unchanged regional myocardial blood flow [25].
This perfusion–contraction mismatch was associated with a local inflammatory
response characterized by leukocyte infiltration [25]. In subsequent studies, a
causal role for tumor necrosis factor (TNF) and sphingosine in this progressive
contractile dysfunction was demonstrated [26, 27]. Interestingly, high-dose (i.e.,
30 mg/kg) methylprednisolone, even when given after microembolization,
prevented the progressive contractile dysfunction [28].

Glucocorticoids have been used for their anti-inflammatory action in the
treatment of a wide variety of diseases [29]. More specifically, glucocorticoids
attenuate leukocyte/endothelium interactions [30–33], as well as the generation
and release of inflammatory cytokines and mediators [34–38]. Cardioprotective
effects of glucocorticoids in the acute setting of myocardial ischemia/reperfusion
have been shown experimentally with regard to structural and functional
myocardial damage [39–45].

The inflammation of early myocardial ischemia is characterized by leukocyte
infiltration [46, 47], a process involving the expression of L-selectin, CD11/CD18-
complex, and adhesion molecules [48, 49]. Glucocorticoids suppress the expres-
sion of L-selectin and CD11/CD18 on leukocytes [32, 33], and the expression of
endothelial leukocyte adhesion molecule-1 and the intercellular adhesion mole-
cule-1 [30]. Glucocorticoids have previously been shown to inhibit the expression
of mRNA of TNF in immunologically activated, rat, peritoneal mast cells [37], to
suppress the production of TNF in the serum and the myocardium of lipopoly-
saccharide-stimulated rats [38], and to abolish the release of TNF into the serum of
humans during cardiac surgery [36]. Glucocorticoids also attenuate the infiltration
of TNF–producing macrophages/monocytes after coronary microembolization in
pigs [50].

In the past, glucocorticoids have been used clinically for the treatment of acute
myocardial infarction [51–53], but such treatment was abandoned because of their
potentially deleterious, long-term effects on scar stability and aneurysm formation
[54, 55]. However, results from chronically instrumented dogs suggest that anti-
inflammatory treatment by a single dose of glucocorticoids in the presence of
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small, patchy microembolization-induced infarcts exerts no adverse effects [28].
Furthermore, a more recent meta-analysis of human data from 11 controlled trials
suggested a possible mortality benefit for corticosteroid treatment of myocardial
infarction [56].

14.6 Postcardiac Arrest Systemic Inflammatory Response
and Corticosteroids

The American Heart Association Guidelines 2010 for Cardiopulmonary Resusci-
tation and Emergency Cardiovascular Care state that the postcardiac arrest syn-
drome has similarities to septic shock [57, 58]. However, the efficacy of
corticosteroids remains controversial in patients with sepsis [59–61]. The mech-
anisms underlying the postcardiac arrest syndrome involve a whole-body ischemia
and reperfusion that triggers a systemic inflammatory response [58, 62].
Altogether, the high levels of circulating cytokines, the presence of endotoxin in
plasma, and the dysregulated production of cytokines found in cardiac arrest
patients resemble the immunological profile found in patients with sepsis [58].

The postcardiac arrest syndrome seems to be causally related to an early
systemic inflammatory response, leading to an inflammatory imbalance [62, 63],
and is also associated with an ‘‘endotoxin tolerance,’’ as observed in severe sepsis
[64]. Additional disturbances include activation of the coagulation cascade
[65, 66], platelet activation with formation of thromboxane A2 [67], and an
alteration of soluble E-selectin and P-selectin [63] have been described.

The postcardiac arrest syndrome can be temporally subdivided into four phases
(Fig. 14.2) [62]: (1) Within the first 24-h post-arrest, a microcirculatory
dysfunction from the multifocal hypoxia leads to rapid release of toxic enzymes
and free radicals into the cerebrospinal fluid and blood; (2) over the next 1–3 days,
cardiac and systemic functions improve, but intestinal permeability increases,
predisposing the patient to sepsis and the multiple organ dysfunction syndrome;
(3) during the subsequent days, a serious infection may occur causing rapid
clinical deterioration; and (4) the patient either dies of a secondary complication or
the primary disease that caused the cardiac arrest, or undergoes a frequently
prolonged, partial or complete recovery.

The Surviving Sepsis Campaign guidelines 2012 for the management of severe
sepsis and septic shock suggest stress-dose hydrocortisone therapy (daily dose:
200 mg) only for patients who are poorly responsive to fluid and vasopressor
therapy [68]. However, in cardiac arrest patients, treatment-refractory shock is a
common post-ROSC complication [69]. Furthermore, post-resuscitation shock is
frequently partly due to a post-arrest adrenal insufficiency or dysfunction [58, 62,
70], which in turn constitutes an independent predictor of mortality at 1 week after
resuscitation [71]. In light of these facts, in our recently published, single-center
(sample size: 100 patients), randomized, double-blind, placebo-controlled study of
vasopressor-requiring, in-hospital cardiac arrest [69], we administered 40 mg of
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methylprednisolone during CPR, and stress-dose hydrocortisone (300 mg/day for a
maximum of 7 days followed by gradual taper) to patients fulfilling a clearly
defined criterion for post-resuscitation shock. Our CPR intervention also included
vasopressin (dose range: 20–100 IU) and epinephrine. The control group received
standard, epinephrine-based CPR according to the contemporary guidelines for
resuscitation. Intervention group results showed a combination of improved post-
arrest hemodynamics and central venous oxygen saturation, post-arrest cytokine
levels and organ/system function, and survival to hospital discharge (Fig. 14.3).
Survival to hospital discharge was improved in the total intervention group
(Fig. 14.3a) as well as in the subgroup of patients with post-resuscitation shock
(Fig. 14.3b). Furthermore, multivariate Cox regression analysis showed that the
assignment to the intervention group and completion of a full post-arrest course of
hydrocortisone was associated with a hazard ratio of 0.15 (95 % confidence
interval: 0.06–0.38, P \ 0.001) for in-hospital death during follow-up. These
results were consistent with a steroid-associated benefit in cardiac arrest. However,
the combined nature of our intervention precluded a precise determination of the
relative contribution of the steroids to the positive outcomes of the intervention
group.

Another pilot (sample size: 100 patients), randomized, unblinded study of out-
of-hospital cardiac arrest [72], showed improved rates of ROSC in its intervention
group patients, who received a single dose of 100 mg of hydrocortisone during
CPR. Interestingly, and consistently with prior findings [70], patients of the study’s
control arm with a serum cortisol level of more than 20 lg/dL had a ROSC rate of
43 %, as opposed to a ROSC rate of 25 % that was observed in controls with a
serum cortisol level of less than 20 lg/dL.

14.7 Corticosteroids and Neuroprotection

To date, there is no published data showing that peri-arrest glucocorticoids are
neuroptotective [73]. In the peri-arrest period, there is a multifactorial disruption
of the blood–brain barrier (BBB), involving the enhanced production of nitric
oxide, inflammatory cytokines, and vascular endothelial growth factor [74].
According to recent evidence, several of these mechanisms could constitute
potential targets of corticosteroid treatment. Corticosteroids promote BBB integ-
rity through their interaction with astrocytic cells, which results in upregulation of
the endothelial tight junction proteins such as occludin and claudin-5 [75]. Glu-
cocorticoids regulate the expression of leukocyte adhesion molecule genes in
endothelial cells [76], and suppress the production of the pro-inflammatory cyto-
kines [34–38, 77]. Methylprednisolone attenuates axonal changes (e.g., myelin
fragmentation and presence of edematous vesicles), caused by experimental
cerebral edema [78]. In addition, 17-beta estradiol suppresses the expression of
inducible nitric oxide synthase and neuronal nitric oxide synthase, thus attenuating
the BBB disruption after experimental, hypovolemic cardiac arrest [79]. However,
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during the course of ischemic insults, insensitivity to glucocorticoids ensues, due
to proteasome-induced degradation of the glucocorticoid receptor [80, 81]. This
suggests that the inhibition of the proteasomal degradation pathway may constitute
a prerequisite for the glucocorticoid-associated preservation of BBB integrity
[80, 81]. Consequently, in cardiac arrest, it is still highly uncertain whether peri-
arrest and/or post-arrest hydrocortisone can directly confer neuroprotection.

14.8 Conclusions

Preceding retrospective studies with inherent methodological limitations do not
support the use of low-dose corticosteroids during and after CPR. However, more
recent laboratory data and clinical results are consistent with a possible, low-dose
corticosteroid-associated, benefit in cardiac arrest, especially in patients with post-
resuscitation shock. Such potential benefit can be explained mainly by the
hemodynamic and anti-inflammatory effects of hydrocortisone, as a direct
neuroprotective effect seems rather unlikely. Controversies and unclear mecha-
nisms of hydrocortisone action and possible efficacy should be addressed by a
large, multicenter, randomized, placebo-controlled evaluation of stress-dose
hydrocortisone in cardiac arrest.
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Fig. 14.3 Main results of patient follow-up. Reproduced with permission from Ref. [69]. Study
group denotes intervention group. a, b Probability of survival to day 60 postrandomization, which
was identical to survival to hospital discharge, in all 100 patients (a) and in the 42 patients with
post-resuscitation shock (b). Parentheses, survivors/total number of patients. c Organ failure-free
days in patients who completed a full course of hydrocortisone (n ¼ 12) or saline-placebo
(n ¼ 6) according to protocol. Bars, mean; Error-bars, standard deviation; *, P ¼ 0:001; �,
P \ 0:001. d Plasma-cytokines in post-resuscitation shock. Parentheses, number of controls
versus number of study-group patients; Symbols, mean; Error-bars, standard deviation; *,
P ¼ 0:04; �, P ¼ 0:003; §, P ¼ 0:02; #, P ¼ 0:01; �, P ¼ 0:06. e, f Central-venous oxygen
saturation (e) and mean arterial pressure (f) in post-resuscitation shock. Dots, mean; Error-bars,
standard deviation. *, P ¼ 0:03; �, P \ 0:001; §, P ¼ 0:006; #, P ¼ 0:005; �, P ¼ 0:01; **,
P ¼ 0:002; ��, P ¼ 0:04
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15Pharmacological Induction
of Hypothermia

Yinlun Weng, Shijie Sun and Wanchun Tang

Marked protection provided by therapeutic hypothermia after traumatic
ischemic-hypoxic damage has been deeply studied, contributing to satisfactory
clinic effects. Several physical methods to induce therapeutic hypothermia have
been established, and briefly can be divided into two categories: invasive and non
invasive. Recently, pharmacological hypothermia is drawing increasing attention
as a neuroprotective alternative approach worthy of further clinical development.
This chapter reviews the hypothermic effect of several classes of hypothermia-
inducing drugs: the cannabinoids, opioid receptor activators, transient receptor
potential vanilloid, neurotensins, thyroxine derivatives, dopamine receptor ago-
nists, and cholecystokinin. Recent findings have extended our knowledge of the
thermoregulatory mechanisms of the above drugs. A better understanding of the
roles of the hypothermia-inducing drugs in neuroprotection may have broad
clinical implications. Till date, there is few data that uniquely elicit that phar-
macologically induced hypothermia is the sole or specific mechanism on neuro-
protection. However, some mechanisms underlying the protection of hypothermia
are overlapped with the current evidence on the intrinsic effects of the above drugs.
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15.1 Cannabinoids

There are two main receptors within the cannabinoid system: cannabinoid
receptors 1 and 2. In the brain, the cannabinoid receptor 1, one of the most
abundant Gi/o-protein-coupled receptors, was found in the hypothalamus
responsible for regulation of temperature [1–6]. At the cellular level, cannabinoid
receptor 1 is also abundant in the plasma membranes of the axon and axonal
terminals, where it typically mediates the release of neurotransmitters [5].
Numerous evidences suggest that cannabinoid 1 receptors participate in the pre-
vention of neurodegenerative disease or protection from ischemic insults [7–10].
The neuroprotective effects of cannabinoid agonists were related either to specific
mechanisms played by these agonists or by a cannabinoid-induced hypothermia
[11]. Among them, however, cannabinoid-induced hypothermia was the primary
mechanism which was principally triggered by activation of cannabinoid receptor
1. Several neurological neurotransmitters were demonstrated to be involved, such
as the release of GABA (Gamma-amino Butyric Acid, GABA) [12, 13] and the
dopamine [14]. As cannabinoid-induced regulation of body temperature is, how-
ever, dose-dependent, further evidence is necessary to establish optimal applica-
tion standards for the cannabinoid-based hypothermic treatment [15].

It is well documented that cannabinoids may have therapeutic potential in
disorders resulting from cerebral ischemia, including stroke, and may protect
neurons from injury through a variety of mechanisms [9]. The beneficial mecha-
nisms were related to the decrease of inflammatory factors [16], reduction of
apoptotic cell death, maintenance of mitochondrial integrity and functionality [17],
activation of extracellular signal-regulated kinases, increase of S-100 protein, and
mitigation of glutamatergic excitotoxicity, TNF-alpha release and iNOS expres-
sion [18, 19]. These effects are achieved through two parallel CB1-dependent and -
independent mechanisms [20, 21].

15.2 Opioid Receptor Agonists

The opioid system was reported to be involved in thermoregulation. Indeed, naloxone
has been reported to antagonize the hypothermic effects played by morphine [22–24].
The main subtype of opioid receptors involved in thermoregulation and hypothermia
induction is the kappa-receptor, while the mu-receptor is related to hyperthermia. The
magnitude of hypothermic effects produced by kappa- opioid agonists is related to the
degree of their selectivity for the kappa-receptor [25]. The kappa-opioid receptor is
primarily located outside the brain; thus peripheral application of kappa-receptor
agonists could produce dose-dependent hypothermia [26, 27].

Moreover, the existence of subtypes of the different receptors may well explain
the different effects of one single drug on thermoregulation [28]. Anatomical,
histochemical, and pharmacological evidence suggests that the opioid system
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probably interacts with the dopaminergic, adrenergic, serotonergic, cholinergic,
and other transmitter systems [25–28]. Thus, it can be hypothesized that the opioid
system interacts with other neurotransmitter systems known to be involved in
thermoregulation. However, studies carried out so far do not present a clear picture
of these interrelationships in terms of thermoregulation. In view of the recent
findings that several neuropeptides play marked effects on body temperature,
exploration of opioid interactions with these systems should prove to be a fruitful
approach to deepen the understanding of the opioid system and its function in the
thermoregulation.

Kappa-receptor agonists, have been demonstrated effective in preventing brain
swelling in parallel with reducing infarction after an ischemic insult [29, 30], but
the use of opioid receptor agonist is limited to the early phase of cerebral edema
[31, 32]. This was related mainly to the attenuation of ischemia-evoked nitric
oxide production [33], the reduction of Na(+)-K(+)-ATPase activity [34], and a
significant prolonged neuron survival [35–37].

15.3 Transient Receptor Potential Vanilloid

Studies have demonstrated that many pathophysiological processes were mediated
by transient receptor potential (TRP) channels, including pain, respiratory reflex
hypersensitivity, cardiac hypertrophy, thermoregulation, and ischemic cell death.
The superfamily of mammalian TRP channels consists of around 30 proteins
which can be divided into six subfamilies: ankyrin (TRPA), canonical, melastatin
(TRPM), mucolipin, polycystin, and vanilloid (TRPV). Till date, nine of the
proteins are found highly sensitive to temperature and are referred to as the
thermo-TRP channels, which include the heat-activated TRPV1 as well as the
cold-activated TRPA1 and TRPM8 [38–41].

No consensus in the literature was achieved on the hypothermic response to
systemically administered TRPV1 agonists. Most evidence is in support of the
central mediation hypothesis: (1) the TRPV1 channel was demonstrated to be
widely distributed in the hypothalamus; [42–44], (2) TRPV1 agonist was able to
cross the blood–brain barrier; [45, 46], (3) the primary action mode after appli-
cation of TRPV1 agonist lies on the glutamatergic preoptic anterior hypothalamus
neurons; [43, 47], (4) a reduced or low hypothermic response to TRPV1 agonist
was observed in rats with decreased hypothalamic sensitivity [48]. Moreover,
several authors also suggested a contribution of a peripheral action of TRPV1
agonists to the hypothermic response.

However, there was no definite data illustrating that TRPV1-induced hypo-
thermia could directly contribute to the beneficial neurologic outcomes in rat
models of ischemia.
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15.4 Neurotensin

At least three subtypes of receptors are involved in pathophysiologic processes of
neurotensin: neurotensin-1 and neurotensin-2 receptor, both members of the hepta-
helical transmembrane domain G protein-coupled receptor superfamily; and neu-
rotensin-3 receptor, which is identical to gp95/sortilin, with only a single trans-
membrane domain [29–31].

Neurotensin is abundant in the preoptic area of the hypothalamus [49]. Early in
the 1980s, neurotensin was first reported to elicit hypothermic effect by acting on
the hypothamalus in rodents [50, 51]. Neurotensin-induced hypothermia is thought
to be caused by a downward shift of the physiological temperature set point
(‘‘regulated hypothermia’’). Previous results using neurotensin analogs or peptide
nucleic acids suggested that neurotensin receptor 1 was implicated in neurotensin-
induced hypothermia, but the nonspecificity of these molecules aroused some
doubt. Neurotensin normally does not cross the blood–brain barrier and is quickly
metabolized when administered systemically. In terms of wide clinic application,
many neurotensin analogs emerge as new options with the ability to penetrate the
blood–brain barrier and prolong the hypothermia duration.

Previously, several neurotensin receptor 1 agonists were demonstrated to
induce hypothermia in a dose-dependent manner without causing shivering or
altering physiological parameters. These analogs ultimately reduced cerebral
infarct volumes and improved neurologic outcomes [52–54]. The specific mech-
anisms involved would be increase in bcl-2 expression, decrease in caspase-3
activation, and suppression of cell death [53, 54].

15.5 Thyroxine Derivatives

Thyroxine is the principal secretion form of thyroid hormone (TH), constituting
95 % of all TH found in human circulation. When deiodinated and decarboxylated,
thyroxine is transformed into 3-iodothyonamine (T1AM) and thyronamine
(T0AM). It was reported that when injected peripherally, T1AM and T0AM
rapidly induced hypothermia through a mechanism independent of gene tran-
scription. T1AM and T0AM are agonists of trace amine associated receptor 1
(TAAR1), a G-protein coupled receptor activated by phenylethylamine, tyramine,
methamphetamine, and its congeners. Although T1AM and T0AM can dose-
dependently couple TAAR1 to the production of cAMP, it is not yet clear whether
TAAR1 is an endogenous receptor for these molecules [55].

There has been data demonstrating that T1AM and T0AM are potent neuro-
protectants in neurologic ischemia disease. Hypothermia induced by T1AM and
T0AM may partially underlie neuroprotection [55].

160 Y. Weng et al.



15.6 Dopamine Receptor Agonists

Dopamine (DA) is one of the major neurotransmitters in the mammalian central
nervous system (CNS). The receptors for DA have been classified into three
subtypes: the D1, D2, and D3 receptor subtype [56]. There were data suggesting
that hypothermia in mammals are centrally mediated by D2 receptor mechanism,
and this centrally mediated D2 receptor mechanism may be modulated by the D1
receptor [57]. Furthermore, the dopamine D1 receptor agonist was also reported to
produce hypothermia that was antagonized by D1 receptor antagonists, but not by
the dopamine D2/3 receptor antagonists. This supports the evidence that activation
of dopamine D1 receptors may play a determinant role in inducing hypothermia in
rats [58]. Further evidence finally demonstrated that hypothermia did not result
from a selective stimulation of the D3 receptor [59].

There is lack of evidence, however, that D1 or 2 receptor agonist-induced
hypothermia would provide protective effects in neurologic ischemic diseases.

15.7 Cholecystokinin

It was first reported in 1981 that centrally administrated cholecystokinin was able to
produce hypothermia in rats [38, 60, 61]. Specific mechanisms of cholecystokinin-
induced hypothermia after peripheral or central application, however, remain
unclear [39, 40, 60]. Hypothermia may either be produced by different mechanisms,
such as inhibition of central nervous system function without specific relation to
central body temperature control, interruption of afferent or efferent nervous
pathways, or a decrease of regulated level of body temperature. The central action
of cholecystokinin was not supported by the long latency of the thermoregulatory
response observed after central administration of cholecystokinin [39, 40, 60]. An
alternative explanation for the cholecystokinin-induced hypothermia after periph-
eral injection could be a direct skin vasodilatation. Besides, a nervous afferent
mechanism, such as the vagal afferentation shown to be an important way of
influencing central regulation of food intake could also play relevant roles on
specific thermoregulatory sites [41]. The hypothermic action of the peptide in
mammals seems to depend on cholecystokinin-1 receptors, since administration of
cholecystokinin-1 receptor antagonists attenuated these hypothermic effects, while
the cholecystokinin-2 receptor antagonist had no effect on this response [42–45].

Although the concept of pharmacological hypothermia induced by cholecysto-
kinin was not widely raised, there are some data revealing that cholecystokinin to
some extent plays a vital role in protecting from brain ischemia disease. Yasui M et al.
demonstrated that in rats subjected to stroke, cholecystokinin prevented the dys-
function of CA1 pyramidal neurons [46]. Moreover, in a rat model of global ischemia
after cardiac arrest, cholecystokinin octapeptide indeed induced hypothermia, and
improved post-resuscitation myocardial dysfunction and overall neurological per-
formance after intravenous injection of CCK8 at a dose of 200 lg/kg [47].
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16Effectiveness of Hypothermia
in Human Cardiac Arrest and Update
on the Target Temperature
Management-Trial

Tommaso Pellis, Filippo Sanfilippo, Andrea Roncarati
and Vincenzo Mione

16.1 Effectiveness of Therapeutic Hypothermia

Over a decade has passed since the publication on the New England Journal of
Medicine of the landmark studies that led to widespread clinical application of
therapeutic hypothermia (TH) [1, 2]. After decades of clinical research, finally we
found evidence in two randomized clinical trials (RCTs) of an intervention
improving neurological outcome at hospital discharge. Indeed the largest RCT, the
European study ‘‘Hypothermia After Cardiac Arrest’’ (HACA-Trial) unprece-
dentedly detected a survival benefit at 6 months after hospital discharge [1]. Both
RCTs enrolled unconscious victims of cardiac arrest (CA) presenting with a
shockable rhythm [1, 2].

Moreover in the same years a single center feasibility study looked at cooling
patients in asystole or pulseless electrical activity (PEA) [3]. A subsequent meta-
analysis was published that pooled the two RCTs and a feasibility study on cooling
with a refrigerated head cap [4]. The results provided an astonishingly low number
needed to treat only six patients to observe a benefit of hypothermia on both short-
and long-term effects—i.e., improved neurological outcome and survival at hos-
pital discharge and 6 months later.
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As mentioned, these results are not trivial when considering that there are only
three treatments supported by sound evidence in the field of cardiopulmonary
resuscitation (CPR): (1) chest compressions and ventilation, (2) defibrillation for
ventricular fibrillation (VF) or pulseless ventricular tachycardia (VT), and now (3)
mild TH (range 32–34 �C) for 24 h in unconscious victims resuscitated from CA.
This is unprecedented news since much effort devoted to other advanced life
support (ALS) interventions over the past 50 years was unable to show any impact
on CA and CPR outcome at hospital discharge. This includes widely accepted
interventions such as airway management by endotracheal intubation and the use
of drugs like epinephrine [5–7].

The majority of patients initially resuscitated from CA (approximately 70 %)
die in hospital [8]. Hypothermia introduced a paradigm shift in the in-hospital
treatment of post-CA patients. Indeed, because 75 % of in-hospital deaths are
attributed to irreversible anoxic neurological injury, such a high mortality is likely
to offer room for improvement, and TH challenged the previous widespread
nihilistic approach that clinicians had toward resuscitated patients [9].

16.2 Post-Resuscitation Care

The success of hypothermia gave momentum to an in-hospital standardized
approach, similar to the one employed in the links of the Chain of Survival in the
out-of-hospital setting. The increased appreciation of the numerous opportunities
of care held by the in-hospital phase ultimately led to what is currently named as
post-resuscitation care (PRC). The first group to systematically apply a stan-
dardized 72 h treatment protocol, including hypothermia, was the Norwegian
group in Oslo led by Sunde et al. [10]. A whole set of therapeutic options to limit
ongoing injury, to sustain organ function and to normalize physiological param-
eters were considered. Clear procedures identified objectives, goals, and strategies
to achieve them. Realizing that there is much to do in little time while inducing,
maintaining, and gradually restoring normothermia, and while maintaining optimal
intensive care standards at all time, the authors acknowledged the need for a clear
understanding of clinical priorities. To achieve such objectives, at least at the
beginning, a protocol of standardized care was necessary. Much effort was also
posed to aggressive hemodynamic support (both pharmacological and mechanical)
and urgent coronary angiography with percutaneous or surgical revascularization
if necessary. Survival with good neurological recovery at 1 year from hospital
discharge significantly improved from 26 % in historical controls to 56 % after the
intervention period [10].

Association of TH concurrently with an aggressive PRC policy led to very
consistent outcome improvements over different countries, suggesting a clear
margin of benefit. Interestingly, numerous centers now report very similar rates of
survival with good neurological outcome, all ranging between 54 and 59 %
[11–14].
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The optimism imposed by the results of TH led the International Liaison
Committee on Resuscitation (ILCOR) to officially acknowledge the existence of a
post-CA syndrome [15]. Negovsky was the first to understand the complexity of
this state, named in 1972 as post-resuscitation disease [16]. The ILCOR consensus
statement published in 2008 defines the epidemiology, pathophysiology, treatment,
and even elements useful for prognostication of this syndrome [15]. With a bold
step forward ILCOR provides physicians and nurses with clear objectives that can
be summarized in the treatment of the four key components of the Post-CA
syndrome: (1) post-CA brain injury, (2) post-CA myocardial dysfunction, (3)
systemic response to ischemia and reperfusion, and (4) persistent precipitating
pathology.

The 2005 European resuscitation council (ERC) guidelines did not devote much
attention to TH [17]. On the contrary, the following guidelines issued in 2010
strongly emphasized, among the changes introduced, the need for implementing
TH and comprehensive PRC [18]. For instance, the name of the fourth link of the
Chain of Survival was changed from ALS to PRC; furthermore for the first time
the brain was depicted in the logo, quite peculiar when considering that this is the
ultimate goal of resuscitation but was never portrayed before [18]. Finally, almost
half of the summary of changes in the ALS chapter was dedicated to TH and PRC.

On the other side of the Atlantic, the American Heart Association (AHA) 2010
guidelines introduced a dedicated fifth link to the Chain of Survival and a whole
new chapter within the guidelines entitled ‘‘post-cardiac arrest care’’ [19].

16.3 New Evidence Supporting Therapeutic Hypothermia

Presently, there are over 4,400 references on PubMed when searching for TH and
CA, but very little is new in terms of scientific evidence, since the only RCTs
remain the landmark studies on which we still rely.

New information might be sought in registries, yet these are only hypothesis
generating. The largest database—the Hypothermia Network Registry—including
over 1,000 patients suggests that TH is beneficial not only for patients in VF as
demonstrated by the landmark trials, but also for those presenting with the so-
called agonal rhythms [20]. An astonishingly high survival rate was reported by
the registry when compared to that of historical controls: 21% survival with good
neurological outcome in patients with asystole as first detected rhythm, and 23 %
for those presenting in PEA.

Expert consensus opinion in guidelines has filled the gap where the evidence is
slim, so that we are now suggested to consider the use of TH also: in comatose
survivors of CA with non-shockable rhythms; following in-hospital arrest; or for
paediatric patients, even if the lower level of evidence for these categories is
acknowledged [18]. There is also growing appreciation that it is rational to think
beyond the sole hypothermia process of induction, maintenance, and rewarming.
Active temperature management after restoration of normothermia in patients who
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do not regain consciousness should be a priority at least for the initial 72 h that
follow restoration of spontaneous circulation (ROSC). Indeed a large number of
patients tend to become febrile after restoration of normothermia. A hyperthermic
rebound should not be underestimated as fever after any acute neurological insult
(including CA) is detrimental; however, it is still unknown until when it should be
considered a hazard [21]. For this reason, a rigid maintenance of normothermia
should be considered at least for the first 3 days after ROSC and particularly in
those patients not regaining consciousness after restoration of normothermia and
sedation hold.

It is precisely with the aim of moving beyond the cooling process that five
scientific societies agreed on replacing the term TH with the more appropriate one
of target temperature management [22].

The Hypothermia Network Registry sheds also some light on adverse events
related to TH [20]. Bradycardia was the most common arrhythmia (13 %) but very
rarely requiring pacing, regardless of whether pharmacological or electrical, while
pneumonia was the most frequent infection (41%) [20]. Bleeding requiring
transfusion occurred in 4% of all patients and the risk was significantly higher if
angiography/coronary intervention was performed (2.8 % vs. 6.2 %, respectively,
p = 0.02). Sustained hyperglycemia [defined as[8 mmol/l (144 mg/dl) for[4 h]
was observed in 37 % of patients. Electrolyte disorders were also quite common
(18–19 %), specifically hypokalemia, hypomagnesemia, and hypophosphatemia
[20]. The incidence of sepsis was low (4 %) but higher in patients with intra-
vascular devices for temperature management (OR 2.6), intra-aortic ballon pump
(IABP, OR 3.2), or undergoing coronary angiography (OR 4.4) [23]. Of note
bleeding, infection, arrhythmia, and electrolyte disorders were not associated with
increased mortality. Only sustained hyperglycemia and seizures (despite treat-
ment) were associated with worse outcome [23].

Yet there are many unanswered questions, among them when to start hypo-
thermia. Cooling should be started as early as possible, stated the 2010 ERC
guidelines [18]. The cooling process can be started on the field and during
transportation leading to a reduction in core temperature at hospital or intensive
care unit (ICU) admission [24]. Our 7 years’ experience is in keeping with such
reports. The emergency medical service (EMS) of the province of Pordenone
(north-east Italy) was able to start cooling in the out-of-hospital setting in 56
patients. Hypothermia was initiated with straightforward and inexpensive means
without delaying hospital admission. This included ice-packs, means of inducing
heat loss (i.e., turning off ambulance heating, opening the window, uncover patient
as much as possible, and any other mean immediately at hand), and cold IV fluids.
When comparing temperature at ICU admission with 117 patients that were not
cooled (including in-hospital CA) there was a significant reduction in core tem-
perature if cooling was started in the out-of-hospital setting (34.7 ± 2.1 �C vs.
35.4 ± 1.3 �C, p \ 0.01).

Despite this strong logical and pathophysiological rationale, as yet there are no
human data supporting that a reduced time to achieve the target temperature is
associated with better outcomes. On the contrary, a recent Australian trial on early
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out-of-hospital cooling was stopped for futility after enrolling over 200 patients
[24]. Also, an intra-arrest trial using transnasal evaporative cooling which allows
for a very fast cooling rate, did not show improvements in ROSC or hospital
discharge, despite the study not being really powered for such results [25]. Cur-
rently, four more trials are on the way, two in Australia, one in North America, and
one in Europe.

What could the reasons be for this lack of benefit? One hypothesis is that if
neuroprotection induced by hypothermia is not an on–off phenomenon but a
spectrum with higher intensity at lower temperatures, then a patient who is difficult
to cool or is cooled slowly would be exposed to a greater area under the curve of
hypothermia—and thereby of neuroprotection—than a patient who achieves rap-
idly the target temperature. Another reason recently proposed by Oddo et al. [26],
is that the impaired thermoregulation that follows ROSC is an indicator of the
severity of injury, hence a determinant of post-resuscitation disease and CA
prognosis. So future studies when assessing the benefit of early cooling on out-
come should adjust for patient admission temperature and use the cooling rate
rather than time to target temperature.

Another matter of debate is whether cooling should be extended to children and
for how long. There are currently three trials and one Cochrane review on neo-
nates, all indicating that hypothermia for 72 h at 33.5 �C is beneficial [27–29].
Once again it seems rational to use hypothermia after CA in children and, based on
expert consensus, current guidelines recommend it although the length of treat-
ment is not specified [18]. So, while waiting for the results of ongoing clinical
trials, companies are now competing to produce devices that allow strict control by
automatic temperature management in children of different sizes.

There is also a growing literature that suggests it might be worth regionalizing
CA patients bypassing local hospitals in order to admit them directly to high-
volume CA centers with percutaneous coronary intervention facilities ‘‘24/7’’ [30–
33].

However, there are still many other areas of uncertainty, like: (1) the appro-
priate duration of hypothermia (does one size fit all?), (2) should we tailor the
duration on an indicator of brain injury? (3) what is the optimal rewarming rate,
and most of all, (4) what is the optimal depth of hypothermia?

16.4 The Target Temperature Management Trial

A critical review of the landmark studies easily reveals that they are not flawless
and carry a potential risk of systematic error and random error design.

The Bernard trial was actually not a randomized trial but a quasi-randomized
study as allocation was based according to odd and even days [2]. Of the 82
eligible patients only 77 were included, no justification for the missing 6 % was
provided. Unscheduled interim analysis on 62 patients was performed, and no
statistical correction was included in the final analysis. The two groups were
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uneven (43 vs. 34 patients). The discharge facility was used as a surrogate of
neurological outcome. To make things worse the final result of the study depends
on one single patient.

If we consider the largest study, the HACA trial, which enrolled 275 patients
there are still areas of uncertainty: the study was prematurely stopped, there was no
power calculation (a reasonable size would have probably included 600–700
patients), and the study lasted as long as 7 years [1]. Neurological status before CA
was not investigated, early withdrawal of care was neither standardized nor
reported; finally the study was highly selective since it included only 8 % of
screened patients admitted to the emergency department following CA (275 of
3,551). Hence the results can be hardly generalized to the average CA population,
and most of all, the controls were actually ‘‘not temperature-controlled,’’ since the
majority of them were febrile.

In conclusion, the overall quality of evidence is low at least in humans and the
optimal target temperature is not yet defined at least based on high quality evi-
dence. Therefore, although promising, hypothermia should be further investigated.
These precise conclusions were drawn by a systematic review that assessed the
evidence using the GRADE-methodology [34].

With the attempt of improving our knowledge on hypothermia, several ICU
have joined in the attempt to investigate two subfebrile temperatures in a large
general population by means of a randomized, parallel-group, and assessor-blinded
clinical trial: the target temperature management (TTM) trial [35]. A core tem-
perature of 36 �C was chosen as comparator to 33 �C since it is safely below
febrile temperatures with allowance for temperature fluctuations and because,
based on the Hypothermia Network Registry data, the median temperature at
hospital admission is 36 �C. Active temperature management (36 vs. 33 �C) was
continued in patients who did not regain consciousness. A total of 36 centers from
10 different countries in Europe and Australia joined this study led by the principal
investigator Niklas Nielsen (Sweden).

The main objective was to assess the efficacy and safety of two TTM strategies
after resuscitation from out-of-hospital CA. Enrolment of 950 patients was com-
pleted in January 2013. The intervention phase lasted 36 h, while 72 h later (that is
5 days after ROSC) a blinded neurological evaluation was performed. Patients
were followed until the end of the trial.

Inclusion criteria were: unconscious adult patients with out-of-hospital CA of
presumed cardiac cause with sustained ROSC. Patients too cold on admission
(core temperature \30 �C) were not included, as well as those with known limi-
tations in therapy, unlikely to survive at 6 months, or with severe preexisting
neurological dysfunction. Patients could not be screened any longer than 4 h from
ROSC, and if they remained in shock in spite of maximum therapeutic efforts. All
presenting rhythms were included with the exception of unwitnessed asystole.

The primary endpoint was survival at the end of the trial, while the secondary
was the post-CA neurological function—blindly and thoroughly evaluated not
only cerebral performance categories but also modified Rankin Scale and Infor-
mant Questionnaire on Cognitive Decline in the Elderly—at 6 months, as well as
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safety issues (i.e., bleeding, pneumonia, etc.). Withdrawal of care was not allowed
for the first 5 days, unless for predefined ethical reasons, and had to be always
motivated [35]. Further details are available online at http://clinicaltrials.gov/
show/NCT01020916. Publication of the trial results is expected by late 2013.

In conclusion the TTM-Trial holds promises to be a large clinical randomized
and monitored trial evaluating two subfebrile temperatures, with a pragmatic
design in accordance with clinical practice, and hopefully its results will apply to
the majority of out-of-hospital CA patients admitted to the intensive care.
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17New Strategies to Improve Outcome
After Cardiac Arrest

Matthias Derwall, Anne Brücken and Michael Fries

17.1 Introduction

The advancement of resuscitation sciences in recent years has led to a considerable
increase in primary survival due to simplified guidelines, public-access defibril-
lation initiatives, and improved training of both lay- and professional providers of
CPR. Yet, this increase in patients presenting with a return of spontaneous
circulation (ROSC) after cardiac arrest still does not translate into greater numbers
of patients surviving until hospital discharge [1]. It is widely accepted that cerebral
and myocardial lesions, defined as part of the ‘‘post-cardiac-arrest syndrome’’
(CAS), are responsible for the high mortality rate of survivors of cardiac arrest [2].

The introduction of mild therapeutic hypothermia (MTH) into international
guidelines for post-arrest care resulted in measurable improvements in both
neurological outcomes and survival, hence proving that modifying post-arrest
treatment with novel interventions or drug candidates may harbor the promise to
further improve outcomes from cardiac arrest.
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Novel hemodynamic interventions aiming at improved cardiocirculatory
support, extend these CAS-treatments into the intra-arrest period, and may help to
improve both ROSC and overall outcomes. However, MTH still represents the
current gold standard in post-arrest care.

17.2 Mild Therapeutic Hypothermia

Induced hypothermia has been used to preserve cerebral function in modern
medicine for more than 50 years. First used during neurosurgical procedures [3], it
was quickly adopted in other fields of surgery including thoracic interventions
such as the upcoming CABG surgery and heart transplantations. While the first
reports of therapeutic hypothermia reported target body temperatures below 30 �C,
others used more moderate cooling to overcome or ameliorate adverse events
associated with hypothermia such as cardiac arrhythmias, coagulopathy, and
elevated infection rates. The moderate cooling to 33 ± 1 �C showed a reasonable
proportion of preservation of neurologic functions to side effects. It was therefore
proposed and tested in post-arrest care in 2002 [4], and is now widely referred to as
‘‘mild therapeutic hypothermia’’ (MTH) [4, 5]. The introduction of MTH into
international resuscitation guidelines in 2005 recommended MTH only for
unconscious adult patients with spontaneous circulation after out-of-hospital
cardiac arrest, when the initial rhythm was VF [6]. Since then, guidelines have
been modified to include the use of induced hypothermia for comatose adult
patients with ROSC after in-hospital cardiac arrest of any initial rhythm, or after
out-of-hospital cardiac arrest with an initial rhythm of pulseless electric activity or
asystole [7]. With only six patients requiring treatment to save one additional life,
MTH is the single most effective intervention and therefore the gold standard in
post-resuscitation care today.

The molecular actions by which therapeutic hypothermia exerts its cytopro-
tective properties have long been thought to rely on unspecific inhibition of
catabolic processes throughout the organism during the reperfusion period. Today,
several molecular targets of MTH have been identified, which might serve as
potential targets for drug candidates to augment the efficacy of MTH. For instance,
MTH is known to induce a decrease in brain glycine and p53 protein levels [8, 9].
Furthermore, MTH blocks delta-protein kinase C and several other proteins that
induce apoptotic cell death, including those from the Bcl-2 family [10].

17.3 Remaining Challenges in MTH

While therapeutic hypothermia has been widely adopted in post-arrest care
worldwide, certain aspects of its application remain controversial. Although cur-
rent guidelines do not recommend distinct techniques of cooling, many centers
applying MTH rely on surface cooling and cooled infusions for the induction and
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invasive techniques such as intravascular catheters for maintaining MTH and
rewarming. While the intravascular devices can provide very stable target
temperatures and rewarming profiles [11], they still have the disadvantage of their
invasive nature and higher costs. Furthermore, surface cooling techniques achieve
shorter time spans until reaching target temperature than intravascular cooling
catheters [11]. Until now, cooling catheters have failed to prove to translate their
advantages over surface cooling into long-term outcome goals. The main
advantage of cooling catheters is a reduced nursing time during induction and
maintenance of MTH.

Another area of ongoing development in the field of therapeutic hypothermia is
the application of targeted cooling. With this approach, it is possible to gain better
access to the patient, while maintaining similar effectiveness than whole-body
cooling in terms of cooling dynamics [12]. The desire to start cooling even during
CPR procedures has led to the development of an intranasal cooling device that
can be easily applied by non-physician emergency medical personnel during the
resuscitation procedure. By taking advantage of the close proximity of the nasal
cavity to cerebral structures, the device is able to effectively cool cerebral struc-
tures through direct conduction without interfering with other interventions such as
securing the airway. As soon as a sufficient circulation is established, the device
furthermore cools head and body by indirect convection via the bloodstream.
While this approach provides a rapid onset of cooling, it has also been proven that
it does not prevent other interventions such as chest compressions during CPR
[12, 13]. It will be exciting to see whether this novel approach will translate into
better ROSC and long-term neurological outcome parameters.

17.4 Neuroprotective Drug Candidates

17.4.1 Xenon and Other Gases

In recent years, several groups helped to understand the key mechanism in
ischemic neuronal cell death and identify potential targets to interfere with
neuronal excitotoxicity. One of these targets is believed to be the overactivated
N-methyl-d-aspartate glutamate (NMDA) receptor in hypoxic-ischemic neuronal
injury [14]. While several clinical trials failed to translate this knowledge into
viable drugs, this receptor remains to be one of the most promising targets for
potential drug candidates. Several gases that are believed to interfere with the
receptor such as Isoflurane [15], Xenon [16], Helium [17], or Argon [18] have
shown their safety and efficacy in animal studies.

With Xenon being extensively examined as a neuroprotective drug, we know
that it acts in a synergistic pattern with therapeutic hypothermia [19]. Although
Xenon is colorless and odorless, and considered to be chemically inert, it never-
theless does interact with various biological systems [20]. It can be safely used as
an inhaled anesthetic, with concentrations of more than 40 % causing rapid onset
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of unconsciousness, which has been attributed to Xenon’s ability to inhibit the
NMDA receptor in the central nervous system [21]. Besides this modification of
the NMDA-mediated calcium influx, Xenon appears to share further mechanisms
involved in MTH-mediated neuroprotection [19], like inducing a decrease in
cerebral glycine and p53 protein levels [8, 9] or pro-apoptotic proteins such as
those from the Bcl-2 family [10]. In addition, Xenon appears to provide additional
protection by activating the 2-pore domain potassium channel and by opening the
ATP-dependent potassium channel [22].

Xenon’s organ-protective properties are not limited to cardiac arrest, but have
rather been shown in several models of neurological injury, including stroke,
traumatic brain injury, and hypoxic-ischemic encephalopathy [23–25]. When
given 1 h after successful resuscitation, inhaled Xenon improved functional
recovery in a porcine model of cardiac arrest, and significantly reduced neuronal
damage [16]. Xenon has also been shown to be effective within a prolonged time
frame after ROSC, ranging from 10 min [26], up to 5 h [16]. Data from several
small animal studies revealed a potential synergistic effect of Xenon and MTH,
resulting in a significantly greater degree of protection than achieved with either
of the two interventions alone [19]. Recently published data from a porcine model
of prolonged cardiac arrest showed that combined short-term administration of
Xenon in addition to MTH is superior to MTH alone in terms of a significant
neurocognitive recovery [27]. This study furthermore revealed a preserved
hemodynamic stability in the early post-resuscitation period when Xenon was
given during the induction of therapeutic hypothermia. Other groups have shown
in a pediatric model of hypoxic-ischemic encephalopathy that the combined
administration of MTH and Xenon yields a greater functional recovery than either
of these interventions alone [28].

While Xenon’s neuroprotective properties have been predominantly demon-
strated in animal experiments, its effects on cardiac function have been extensively
investigated in clinical trials, where Xenon proves to preserve arterial pressures
and heart-rate variability in hemodynamically unstable patients [29, 30]. Xenon is
known as a safe anesthetic with rapid recovery characteristics and only minor side-
effects on hemodynamics [30, 31]. Although Xenon’s minimal impact on myo-
cardial function may also be particularly desirable for patients recovering from
cardiac arrest, its high price, and the rarely available equipment needed for its
application have precluded its widespread use in the field of post-arrest care.

17.4.2 Argon

In contrast to Xenon, the noble gas Argon is much more abundant in the
atmosphere and available at a significantly lower price. Interestingly, accumulating
data from preclinical studies provide evidence that Argon, albeit lacking of an
anesthetic effect, has also organ-protective properties.
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While several in vitro studies suggested Argon’s potency to protect renal and
nervous tissues against hypoxic-ischemic insults in the past several years [17, 18,
32, 33] there was only little evidence if these promising results are also present
in vivo [33, 34].

However, our own group recently showed that Argon’s neuroprotective prop-
erties are not limited to traumatic brain injury, transient middle cerebral artery
occlusion, and neonatal asphyxia, but can also be observed after CA. Rats exposed
to a single 1 h administration of 70 % Argon demonstrated significant and per-
sistent reductions in cardiac arrest-induced neurological dysfunction which were
accompanied by a concomitant decrease in the number of damaged neurons in
hippocampal and cortical regions of the brain [35]. However, if these beneficial
effects could be transferred into large animal models, and if they are dose- or time-
dependent, they have to be proven in future studies. Further research is also
necessary to elucidate whether Argon, like Xenon, would also enhance MTH-
mediated neuroprotection. Furthermore, the mechanisms involved in Argon’s
neuroprotective properties are poorly understood [34, 36] and have to be inves-
tigated in future studies.

17.4.3 Hydrogen Sulfide

With a characteristic odor of rotten eggs and a significant toxicity, hydrogen
sulfide (H2S) and its donor compounds were for a long time not considered to play
a significant role in physiology, only to be very recently discovered as the third
endogenous gaseous transmitter. Besides its effects on vasotonus, H2S surprisingly
led to a hibernation-like state in rodents when inhaled in very low doses [37],
protecting mice from otherwise lethal asphyxia [38]. This gave rise to the idea that
this agent could be used as a neuroprotective drug in post-arrest care. Unfortu-
nately, results from small animal models of hemorrhagic shock or CPR could not
be easily transferred to large mammals [39]. Despite certain drawbacks in the
recent history of research on this compound, more and more highly unanticipated
roles in physiology are revealed for H2S [39]. However, further research is
necessary to elucidate the question whether H2S may serve a significant role in
organ-protection in the future.

17.4.4 Nitric Oxide

The most recent addition to the family of potential neuroprotective agents is nitric
oxide (NO). NO is known to prevent lesions due to ischemia–reperfusion injury
including models of myocardial infarction [40]. Due to its ability to induce
systemic vasodilation, intravenous NO-donor compounds may exert undesired
side-effects during or after CPR. Inhaled NO however circumvents these limita-
tions, while still having beneficial effects on outcomes in a mouse model of cardiac
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arrest [41]. In addition to its myocardial and neuroprotective effects inhaled NO
may also have desirable effects on transpulmonary blood flow and oxygenation
when given during CPR. Whether this theoretical advantage translates into
improved ROSC and long-term survival is yet to be proven in large animal
experiments and clinical trials.

17.4.5 Erythropoietin

Besides its well-described role as erythropoietic mediator, erythropoietin (EPO)
does appear to have certain cytoprotective effects, first described in myocardial
ischemia–reperfusion injury [42]. Without significant data on EPO’s neuropro-
tective properties from animal studies, some intriguing small-scale clinical trials
have shed light on this novel drug in peri-arrest care [43]. These studies not only
showed an increase in ROSC rates, but also increased survival to hospital
discharge in EPO-treated patients. Further studies focusing on long-term survival,
neurocognitive outcome, and setups within large clinical trials (NCT00999583)
will have to prove whether this novel treatment may become a new standard in
post-arrest care.

17.5 Cardiocirculatory Support

A novel approach to improve post-arrest care is optimizing intra- and post-arrest
hemodynamics. It is well described that chest compressions can only account for
20–30 % of baseline cardiac output. In addition, myocardial lesions often result in
insufficient circulation even after a spontaneous circulation has been achieved.
Hence, improving the circulation during and after CPR may improve ROSC
numbers as well as potentially long-term clinical outcomes.

An investigation looking at in-hospital cardiac arrest was able to demonstrate
that circulatory support from an extracorporeal membrane oxygenator can help to
improve the clinical outcome by optimizing peri-arrest hemodynamics [44].
However, due to the invasive nature of this procedure, this intervention will be
only available for a limited population of patients in cardiac arrest. Other
approaches to optimize peri-arrest hemodynamics with less-invasive procedures
are needed to provide similar results in more settings of CA and CPR. One
possible option might be the use of intravascular devices that are advanced
percutaneously into the left ventricle.

The use of left ventricular assist devices is quite reasonable, as cardiac
dysfunction following CA is frequently observed and often results in left
ventricular pump-failure. It is obvious that optimizing the circulation during CPR
by supporting or replacing cardiac function during and after CPR is the single most
important action to improve brain resuscitation, and therefore the patient’s prog-
nosis. A goal that recent CPR guidelines try to achieve by emphasizing on the
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importance of chest compressions [45], in favor of nearly any other intervention
performed during CPR.

A possible device for this purpose is the Impella 2.5 percutaneous left
ventricular assist device (LVAD). This LVAD is capable to pump 2.5 L/min
through a miniature turbine at the tip of a 12F catheter, therefore restoring up to
74 % of baseline cardiac output. To pump blood from the left ventricle into the
ascending aorta, the LVAD is introduced via a 13F sheath introducer into the
femoral artery, and advanced into the left ventricle, thereby releasing the ventricle
from filling pressure, and improving coronary and cerebral perfusion. Its use in the
setting of CA and CPR has been recently described in two case reports [46, 47],
and tested in three animal studies [48–50]. These animal studies revealed that the
LVAD is capable of restoring up to 74 % of baseline myocardial and up to 65 % of
cerebral perfusion during VF [50]. The maintenance of cerebral blood flow by the
LVAD during VF prevented serum markers of cerebral ischemia to rise during
20 min of VF. After 40 min of VF, lactate was the only marker to be significantly
elevated in the same investigation [48].

Furthermore, the same group compared the efficacy of the LVAD versus
cardiac massage in an open chest model of cardiac arrest [49]. In this study, the
LVAD was equal or superior to manual compressions in terms of organ perfusion
and rates of successful defibrillation after 20 min of VF.

Further animal studies will have to show if these promising results will translate
into improved ROSC rates and clinical outcome in comparison to conventional
chest compressions. It will furthermore be interesting to see whether the procedure
of introducing this device under CPR-conditions will be feasible and effective in
patients at all.

17.6 Conclusions

New strategies to improve the outcome after cardiac arrest aim at preserving
cerebral and myocardial tissues from ischemia–reperfusion injury. Several medical
gases may help to augment the efficacy of mild therapeutic hypothermia in the
future. Until then, MTH remains the gold standard in post-arrest care, eventually
augmented by targeted intra-arrest cooling in the near future. Improving and
optimizing hemodynamics during and following cardiac arrest may yield a
dramatic increase in ROSC rates and long-term outcomes. Yet, the technical
devices at hand still have to prove whether their use in the field is feasible and
associated with better clinical outcomes.
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18New Methods to Induce Localized
Brain and General Hypothermia

Guy H. Fontaine, Frédéric Lapostolle, Jean-Philippe Didon,
Johann-Jakob Schmid, Xavier Jouven
and Juan-Carlos Chachques

Sudden Cardiac Death is a major concern in industrialized countries [1]. In France,
it is the cause of death of 40–60,000 cases per year. This figure may seem sketchy
because a precise definition of sudden death has only recently been clarified and is
not always properly reported by medical examiners.

Despite efforts made over decades to promote cardiac resuscitation science,
education, and the arrival of automatic external defibrillators (AEDs), less than
50 % of cardiac arrest victims are likely to reach recovery of stable circulation
(ROSC) and the percentage decreases even for patients who suffer a severe rhythm
disorder that cannot be defibrillated (such as asystole or pulseless cardiac rhythm)
[2–8]. This percentage is less than 20 % in rural areas. The vast majority of
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patients leaving alive from the hospital after outdoor cardiac arrest bear irre-
versible brain damage.

However, the authors are convinced of the possibility of improving this situ-
ation through a better understanding of sudden death by screening high-risk
individuals and a better organization of care through cooperation skills of the first
responders, which has been called the ‘‘Chain of Survival.’’ These are the main
reasons for the creation of the first University Center of Expertise and Research on
Sudden Cardiac Death (Research Center of European Georges Pompidou Hospital)
in Paris.

Till date, all of the attempts to improve the situation by drug treatments such as
vasopressin, epinephrine at high concentration, and thrombolysis have failed.
Therefore, a more ‘‘physiological’’ approach needs to be investigated for brain and
tissue protection and to increase blood flow.

One of the most promising methods involves therapeutic hypothermia. This
chapter will review the main historical steps and will propose a new method of
brain protection by localized hypothermia now under development.

18.1 Milestones

For many years, scientists and physicians have been working hard to explore the
benefits of moderate hypothermia. Already in the 1950s, it was used to protect the
brain against global ischemia occurring during open heart surgery. But, only
recently and after positive experimental studies hypothermia has been used to
protect the brain for out-of-hospital cardiac arrest (OHCA).

These investigations have suggested that induced hypothermia during cardiac
arrest before ROSC improves neurological outcome compared to animals that
were cooled after ROSC [9–13]. These studies also suggest that damage after
resuscitation begins immediately after ROSC, and cooling during cardiac arrest
may be a useful therapeutic approach to improve survival.

Two recent studies have demonstrated that use of therapeutic hypothermia
improves neurological status after cooling to 33–34 �C within 8 h after ROSC in
patients who had ventricular fibrillation (VF) [14, 15]. Based on these results, the
International Liaison Committee has published guidelines recommending the use
of moderate hypothermia on the routine treatment in patients after ROSC [16].

Specifically, these guidelines suggest that all patients who recover ROSC after
VF must be cooled down as soon as possible and those recovering good circulation
after nonshockable rhythm could also benefit from cooling down.

This is what led to the inclusion of this concept shortly later in the recom-
mendations of the American Heart Association and the European Resuscitation
Council [17, 18].

In one of these randomized trials, the cooling was started in the ambulance with
ice plaques implemented by paramedical staff [15], whereas in another study the
cooling began at arrival to the hospital [19]. The first trial was able to target low
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temperature quickly after arrival in the intensive care unit while the second one
managed to do it 8 h later. The first study suggested a benefit due to rapid cooling
and showed a higher percentage of those who had a favorable outcome compared
with those who were not cooled with an odds ratio of 5.25.

Two additional studies have recently reassessed the relative efficiency of
cooling by the administration of iced saline solution after returning to a stable
situation obtained in the field. The first one was a ‘‘feasibility’’ study showing a
trend toward improved survival to hospital discharge for patients cooled early after
ventricular fibrillation [8]. This study shows that 85 % of subjects who received
early cooling survived until arrival at the hospital and then 73 % survived. On the
other hand, from the uncooled patients group, only 52 % survived (see
Table 18.1).

However, the 21 % improvement was not enough to reach the level of statistical
significance for improved survival. For those who had a nonshockable arrhythmia
(but had reached a good spontaneous circulation) the trend was reversed. In fact,
only 6 % instead of 20 % of uncooled patients survived until discharge. The two
shockable rhythms are VF and pulseless ventricular tachycardia while the two
nonshockable rhythms are asystole and pulseless electrical activity.

The second study was designed to detect an increase of 15 % favorable out-
come up to discharge of those who were cooled out-of-hospital (in the field) after
ROSC [14].

A recent French study performed on a large population showed, undoubtedly,
the benefit of in-hospital hypothermia but only in patients with a shockable rhythm
[20].

Focusing on methods of hypothermia for protection of the nervous system, in
the light of previous studies, it appears that there are two methods to perform.

The first method consists in using externally cooled plates and chilling blankets
or cool air. The second is by internal injection of cold fluids and more recently by
intravascular cooling via a specific central venous balloon catheter, which is filled
with saline solution and is continuously cooled via an external device.

External methods cool the body, starting by cooling the skin and peripheral
components, while internal methods cool the blood and hence the entire body.

However, these methods are slow for brain cooling because they are focused on
body’s cooling rather than cooling the brain itself.

Table 18.1 Preliminary study suggesting efficacy of prehospital induction of mild hypothermia
in out-of-hospital cardiac arrest patients with a rapid infusion of 4 �C normal saline

Early cooling (%) No cooling (%) P

Hospital arrival 85 86 0.8

Survival 73 52 0.0007

Survival in ROSC 66 45 0.001
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In addition, the cooling rate through the blood depends directly on patient
cardiac output. This is why patients who are in hemodynamic failure with low
cardiac output or in complete cardiac arrest are more difficult to cool.

For use in the field, chilling blankets are unsuitable because they require sig-
nificant electrical energy. Ice packs have a limited cooling capacity.

Other methods have also been considered and tested on anesthetized healthy
volunteers:
• Gastric washing produced abdominal cramps and diarrhea, for these reasons the

first voluntary testing was interrupted [21].
• Washing the urinary bladder and filling the mattress with cold air were used

both for freezing. These experiments demonstrated a slow cooling rate of
1.7 ± 0.5, and 1.6 ± 1.1 �C/h [21].

• Immersion of the whole body in ice water is the fastest method reducing the
core temperature of 36.2 ± 0.3 to 34 �C in only 20 min [21, 22]. However, it is
not possible to be performed outside the hospital and even within, it is not easy
to implement. Patients who underwent neurosurgery were cooled through the
skin and also by using a large diameter catheter administering a solution of 5 %
albumin (1–6 �C) at a rate of 5 ml/kg for 5 or 30 min [23].

• The most powerful techniques for inducing hypothermia pass through the
cooling of the blood itself. In extracorporeal circulation to which we have
already alluded, cooling the blood has been studied and it is indeed possible
when the cannulae are in place. It has been successfully used for the whole
body cooling in dogs [10], pigs [24], and patients [25], but it needs to be
performed in the hospital environment. It is necessary to make a significant and
prolonged vascular access that requires a bulky equipment, which is a limiting
factor on the ground.
New equipment for endovascular cooling has emerged using a cooled fluid

through a balloon inserted into the vena cava, already in clinical use [26–28]. This
method seems to be somewhat dangerous with the advantage of not overloading
the circulation. Cooling of 1.1 �C/h was observed in resuscitated cardiac arrest.
However, this method requires the introduction of catheters into the femoral vein;
moreover, it requires an external pump, a heat exchanger, and a compressor
generator cold, thus important source of electrical energy. These constraints make
it impractical in an emergency situation on the ground.

To hasten brain cooling and prevent the complications inherent to whole body
cooling (ventricular fibrillation, bleeding, pneumonia, infection), many researchers
have attempted to refresh the brain while keeping the rest of the body at a tem-
perature close to normal [29]. External methods to cool have shown their effi-
ciency in cardio protection [30], cardiac and brain protections in experimental
studies [31–34], but none has demonstrated its efficiency in patients [35–37].
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18.2 Outlook

The need for effective and early hypothermia requires new approaches applicable
in the field such as ‘‘intra-arrest cooling’’ inside the skull through the nose. In this
case, the cold is produced by evaporation of a volatile fluid in the nasal cavity [38].
This initial work shows that this approach is feasible and safe, even in the sub-
group of survivors of VF. However, we have seen that a profit of 15 % does not
reach a significant level. This was considered as the consequence of lost time of
23 min on average between syncope and initiation of nasal cooling [38].

We think that this obstacle can be overcome by shortening the time of
implementation of cooling and using a new approach based on the adiabatic
expansion of gas pressure (patent pending). Experimental studies performed in our
laboratory since October 2010 and then simulated on isolated pig head cooling
through the nose, showed that it should be more powerful, simpler, and therefore
faster to develop nasal cooling than previous investigated procedures.

In our approach, a compressed gas cylinder of one liter is connected to a
flexible tube transmitting the pressurized gas to an introducer whose distal port is
calculated to produce cold in greater quantity than that obtained with PFC. This
method of PFC evaporation possesses several disadvantages, in particular com-
plexity and cost.

Demonstration of the efficiency of our technique for humans requires a pro-
spective, randomized, multicenter study that we are organizing. It will be started as
soon as these promises have been strengthened by experimental data. Because of
the novelty of this technique, basic aspects have been experimentally evaluated, in
the following studies.

18.3 Study 1. Comparison of Oxygen, Air, and Carbon Dioxide
for In Vitro Hypothermia

Several medical gases can be candidates for cold production. The purpose of this
study was to compare cooling produced by expansion of oxygen (O2), compressed
air (CA), and carbon dioxide (CO2) in vitro.

Method: Comparative experimental studies have been performed in which a
given amount of 200 ml of water was cooled for 5 min by expansion of O2, CA,
and CO2 at a pressure of 435 psi delivered at the exit of a semi-rigid polyamide
injector. Temperatures in degree Celsius (precision 0.1 �C) were measured by a
thermocouple probe type ‘‘K.’’ Calories extraction was calculated from the drop in
temperature. Data were processed by Statistica v6.0. A p value B0.05 was con-
sidered as significant 18.2.

Discussion: As suspected by physical principles, the stronger drop of temper-
ature was observed with CO2 when compared with O2 and CA. The difference in
calorie extraction with O2 and CA is similar and therefore makes a specific study
of N2 alone unnecessary. This in vitro study demonstrates that carbon dioxide is
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the most effective gas for brain and body hypothermia. However, pure CO2 cannot
be used to ensure proper respiration. Therefore, it can be used for oral or nasal
cooling while the patient is ventilated by an independent cuffed tracheal tube. In
addition, an important property of CO2 is to be stored in its liquid condition with a
constant vapor pressure above the liquid of 830 psi under normal conditions of
temperature and pressure, providing a reserve of high pressure gas larger than for
O2 or CA. However, CO2 can be used in combination with O2 as replacement for
nitrogen.

Conclusion: CO2 was the best gas for cooling by adiabatic expansion. Used
alone it needs intubation for O2 administration. It can replace nitrogen to keep
proper O2 concentration for respiration. Storage in its liquid phase is an important
independent physical parameter.

18.4 Study 2. Comparison of O2 and CO2 for Brain and General
Hypothermia in a Rabbit Model

Method: The study population consisted of 11 New Zealand rabbits (3.5 kg)
studied under ketamine anesthesia without ventilation. Temperatures in degree
Celsius were measured every minute by thermocouples; close to the injector exit
inside a 12 mm Ø PVC 2 mm thick blind cannula inserted in the mouth up to the
oropharynx, close to the cannula, in the nasopharynx and in the rectum. After
stabilization of temperatures, gases were expanded in the cannula at the exit of the
injector. Pressure was regulated at 507.5 psi (35 bar) and delivered during a period
of mean 14 min ± 1.9 SD. Eight rabbits in Group 1 were submitted to CO2 and
three rabbits in Group 2 to O2 expansion.

Results: No adverse side effect was observed during as well as after these
experiments, especially no throat injury was observed by direct visual inspection.
All rabbits recovered quickly (Table 18.3).

Discussion: The strongest drop in temperature (51.6) was observed close to the
injector exit with CO2 when compared to O2 (27.3). This difference is strongly
significant (p = 0.0002). Similarly, the strongest drop in temperature was
observed in the oropharynx at 6.8 with CO2 as compared to 4.9 with O2. However,
this difference did not reach significance (p = 0.69).

Table 18.2 Comparison of the cooling power of three compressed gases: Oxygen (O2), com-
pressed air (CA), and carbon dioxide (CO2)

O2 CA CO2

N 10 25 11

Mean 140 ± 37.7 SD (100–220) 134 ± 49 (80–260 229 ± 89 (160–460)

Carbon dioxide is always the most effective gas. Compressed air and oxygen are equivalent
CA versus CO2: p = 0.00002
O2 versus CO2: p = 0.008
O2 versus CA: p = 0.74
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The same phenomenon was also observed in the nasopharynx as well as in the
rectum, p = 0.36 and 0.23, respectively. Nevertheless, in all the cases the drop in
temperature was always stronger with CO2 when compared to O2, 6.8 in the
oropharynx, 1.12 in the nasopharynx, and 0.21 in the rectum. Core temperature
drop was similar to that reported in pigs after fossa nasalis PFC evaporation (Yu
et al. Crit. Care Medicine 2010). Therefore, CO2 looks like the best gas to use for
brain and general hypothermia. In addition, an important property of CO2 is to be
stored in its liquid phase with a constant vapor pressure above the liquid of 830 psi
at 20 �C and ‘‘normal pressure’’ providing a reserve of high pressure gas larger
than for O2.

This study demonstrates that carbon dioxide is the most effective gas for brain
and body hypothermia in a rabbit model. Its storage in its liquid phase is an
important independent physical parameter [39].

18.5 Study 3. Physics of CO2 Expansion with No Neurological
Defect in the First OHCA Patient

A 74-year-old woman, Psychiatrist MD, experienced 6 min of cardiac arrest (CA)
at home. She was treated by CPR: chest compression, insufflation, defibrillation,
and the new technique of CO2 adiabatic expansion. CO2 was injected and
expanded in the nasopharynx after ROSC. Four more episodes of documented VF
were recorded in the intensive care unit at Salpêtrière hospital in Paris. At that time
the troponin level was normal as well as in the ‘‘Institut de Cardiologie.’’ FEVG
was at 30 % a few days after the event. An ICD was implanted and a combination
of amiodarone and bisoprolol was initiated. No further episode of arrhythmia was
observed during a recovery period of 1 month and LVEF improved up to 43 %
(Simpson) with NYHA Class I. The follow-up is now of 27 months (amiodarone
has been interrupted after 2 years) and no arrhythmia has been recorded by the
ICD teletransmission system. Absolutely no neurological defects were detected.

Table 18.3 Comparison of the cooling power of two compressed gases on a rabbit model with
type ‘‘K’’ probes located near the injector, oral, nasal, and rectal using CO2 in group 1 versus O2

expansion in group 2

G1 G2 p

Injector 51.6 ± 4.42 27.3 ± 12.2 p = 0.0002

Oral 6.8 ± 7.76 4.9 ± 1.82 p = 0.69

Nasal 1.12 ± 0.5 0.73 ± 0.15 p = 0.23

Rectal 0.21 ± 0.15 0.13 ± 0.15 p = 0.36

No significant difference is obtained except at the injector exit. However, as expected, a tendency
of higher cooling is obtained in the nasal position
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18.6 Study 4

The purpose of the following work was to reproduce on 10 subsequent in vitro
experiments the physical parameters involved in this new form of localized
therapeutic hypothermia in order to document its dynamics, safety, efficacy, and
calories extraction.

Method: The same prototype high pressure bottle of 740 ml equipped with a
435 psi regulator was filled with CO2 in 45 s at 841 psi (saturation vapor pressure).
A semi-rigid flexible polyamide injector, connected to the bottle, was inserted in
the pseudo (ps) nasal cavity of a mock-up of the fossa nasalis (23 ml) and adjacent
tissues made with agar–agar (1400 g). Measures:
• Thermometry: Temperatures in degree Celsius (precision 0.1 �C) were mea-

sured automatically, recorded, and processed every minute by four ‘‘K’’ ther-
mocouple probes located near the injector exit, at the site of expansion, in the
adjacent 2 and 4 cm area and at the pseudo nostril exit.

• Dynamics: Speed of temperature decreases up to 90 % of maximal value and
duration of drop of temperature up to 90 % of return to baseline were measured.

• Thermodynamics: The same protocol was repeated with expansion of CO2 in
200 ml of H2O.
Results: Thermometry minimal temperatures:
Injector; mean 4.4 ± 1.2 SD, 2 cm; 5.2 ± 1.8, 4 cm; 6 ± 1.8, psn ostril exit;

18 ± 3 Speed; 2 ± 0.5 min Duration; 13 ± 3 Thermodynamics: A drop in
temperature 6.25 ± 0.7 (5.2–7.6) after 7.7 ± 0.8 min and came back to 90 % lab
temp in around 30 min. Calories extraction was 1240 ± 129 (1040–1400).

Discussion: These results demonstrate that CO2 expansion produces fast, major,
and localized hypothermia with a protocol mimicking the intra-arrest situation.
Despite the short duration of this form of treatment a remarkable clinical result
was obtained after ROSC.

Limitation: This work deals with a unique case; however, it can lay the foun-
dation for further studies in- and out-of-hospital treatment of CA.

Conclusion: We have presented in this chapter an ideal clinical case of pure
shockable rhythm, which can be the basis for further studies and opens new vistas
for the development of a simple, easy to use apparatus for the emergency treatment
of OHCA in the field which can be started intra-arrest before CPR. 1

18.7 Future Directions

The results reported here are very preliminary. However, the outcome obtained on
the first clinical case is encouraging. It is strongly suggested that adiabatic CO2

expansion produces a significant cooling which can be beneficial for localized

1 Addendum: Since the writing of this chapter further studies on a pig model have shown adverse
side effects observed with large amount of CO2 delivered to check the limit of this technique
(extraction of more than 100 kcal in around 4 h).
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brain hypothermia as well as general hypothermia produced by a relatively simple
apparatus close to a fire extinguisher in terms of size, weight, easiness of use, and
low cost.

Because of its simplicity it can be easily used in the field by the first responder.
Intra-arrest cooling through the mouth is so easy that many people can use it with
minimal or even no training at all. Drawings should be printed on the bottle to
follow three steps: (1) Put the injector in the mouth; (2) Maintain it by the rubber
band around the head; (3) Open the valve by counter clock rotation. In addition,
start chest compression or depending on the delay from the fall, perform chest
compression before cooling. Perform defibrillation if AED is available or call the
emergency medical system.

The same method of hypothermia can be continued from a larger bottle in the
ambulance until arrival to the hospital environment. Furthermore, the same tech-
nique can be also considered in the early treatment of stroke. Because of its
simplicity and low price, the bottle can be the companion of any AED and even
available at home.
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19Predicting Outcome After Cardiac
Arrest

Stefan Braunecker and Bernd W. Böttiger

19.1 Introduction

Patients with return of spontaneous circulation (ROSC) after cardiac arrest are a
challenge for the modern intensive care. Approximately 350,000 EU citizens are
resuscitated after cardiac arrest each year. At least every second patient has a
ROSC during cardiopulmonary resuscitation (CPR). Of these patients, however,
up to 70 % die in the post-resuscitation period. The major reason is the devel-
opment of a neurological injury, which has been shown in both with [1] and
without [2] therapeutic hypothermia.

Brain damage is one of the major causes of morbidity and mortality after
cardiac arrest. Early assessment of brain damage and prediction of cerebral out-
come after CPR, therefore, may influence post-arrest treatment strategies. In the
past decade, several factors for poor outcome could be identified. Various
attempts, including neurological evaluation, cranial CT, electroencephalogram,
somatosensory evoked potentials, and measurement of cerebral oxygen con-
sumption, have been made to assess brain damage in comatose patients soon after
cardiac arrest. Already 10 years ago, it has been shown that 24 h of hypothermia
(body temperature between 32 and 34 �C) might improve the prognosis in patients
with ROSC. Since then, therapeutic hypothermia has been increasingly used in
patients after CPR and is now an integral part of the resuscitation guidelines [3].
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The therapeutic hypothermia is used today not only when the initial cardiac
arrest rhythm is ventricular fibrillation. Even patients with other rhythms or in-
hospital cardiac arrest may benefit by such cooling. The question arises whether
the previous indicators for assessing the prognosis of patients with ROSC are also
reliable after therapeutic hypothermia. A large number of studies on this topic have
been published after admitting therapeutic hypothermia to the guidelines. How-
ever, it remains unclear the extent to which hypothermia affects the validity of the
discovered indicators of unfavorable prognosis.

19.2 Prognostication

Many studies have focused on prediction of poor long-term outcome to allow
physicians to limit care or withdraw organ support. A major problem in comparing
studies is the lack of a uniform definition of what constitutes a poor prognosis. In
most cases death, persistent vegetative state, and severe disability with permanent
dependence on care are viewed as unfavorable outcomes, corresponding to
Cerebral Performance Category (CPC) 3–5 or Glasgow Outcome Scale (GOS)
1–3. A few publications define only death and persistent vegetative state as
unfavorable (CPC 4–5, GOS 1–2). Another limitation for such tests is the required
100 % specificity and zero false positive rate (FPR). Achieving this goal is often
very difficult, because many studies include only a small number of patients.

19.2.1 In Normothermic Patients

Several parameters are reliable for a poor prognosis in normothermic patients
[4–7], provided that the influence of sedative substances such as midazolam,
thiopental, or fentanyl is ruled out (Box 1). These parameters are based on
different studies and include only one prospective class 1 study.

Box 1 Indicators of poor outcome in normothermic patients

Generalized seizures and early myoclonus within the first 24 h after ROSC.

Absence of pupillary reaction to light on the third day after ROSC.

Absence of corneal reflex on the third day after ROSC.

Absence of motor reaction to pain on the third day after ROSC.

Absence of somatosensory evoked potentials within the first 3 days after ROSC.

Burst-suppression EEG within the first 3 days after ROSC.

Isoelectric EEG within the first 3 days after ROSC.

Continuous generalized epileptiform discharges within the first 3 days after ROSC.
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19.2.2 Impact of Therapeutic Hypothermia

To date, there are only limited data available on prognostication in therapeutic
hypothermia. Most prognostication studies have been carried out before thera-
peutic hypothermia was implemented in the guidelines. There is evidence that the
use of therapeutic hypothermia makes the well-established tests in normothermic
patients less reliable. Since the 2010 guidelines, studies show no clear applicability
of clinical neurological signs, electrophysiological examinations, biochemical
markers, or imaging modalities to predict neurological outcome within the first
72 h after ROSC. A reliable prediction in therapeutic hypothermia is therefore
quite difficult. Likewise, a residual effect of sedative and analgesic substances
must be excluded. For this, it must be considered that metabolism during thera-
peutic hypothermia is reduced, so the half-life is longer than in normothermic
patients. Nevertheless, there are a variety of factors that may indicate a poor
neurological outcome. Preliminary findings indicate that hypothermia has no effect
on how long it takes for patients with a good prognosis to become conscious.
Normothermic and hypothermic patients with a favorable prognosis predominantly
regain consciousness within 3 days [8]. A significantly delayed awaking in
patients treated with therapeutic hypothermia, however, could be observed in some
cases [9]. For this reason, the early termination of life support 72 h after
rewarming needs to be reconsidered critically and is not indicated. Most likely, a
prolonged support may lead to an increase in the number of survivors.

19.2.3 Clinical Examination

The clinical-neurological examination is an important component in predicting
outcome. Advantage of the clinical examination is a simple and fast feasibility
without great expense. It is independent of existing infrastructure, such as labo-
ratory or EEG, and can be performed at any ICU. The examinated parameters
include myoclonus, pupillary reaction to light, corneal reflex, and response to pain
at 72 h after ROSC. While these parameters are well validated in normothermic
patients, the question arises about the validity during therapeutic hypothermia. To
date there is only limited information on this issue. Although some of these clinical
indicators show a poor outcome, there are no reliable parameters to predict out-
come less than 24 h after cardiac arrest.

19.2.3.1 Pupillary Light Reflex and Corneal Reflex
The pupillary reflex is used to adapt the diameter of the pupil in response to the
intensity of the light that falls on the retina. The reflex consists of an intercon-
nection of the optic nerve and the oculomotor nerve. The pupil reaction to light
seems to be a valid parameter at least after excluding hypothermia, hypotension,
sedatives, or relaxants. The absence of both pupillary light and corneal reflex 72 h
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after CPR indicates no good outcome with a zero FPR. Whether these tests are
reliable during hypothermia is unknown. Other signs are far less reliable.

19.2.3.2 Myoclonus and Status Epilepticus
The significance of such events is controversial in patients with therapeutic
hypothermia. In contrast to normothermia the appearance of myoclonus during
hypothermia seems to be limited. Meanwhile, there are several case reports [10,
11] with a good neurological outcome of patients despite the occurrence of
myoclonus status epilepticus. On the other hand, an absence of myoclonus cannot
make a definitive statement about the outcome. Myoclonus could be suppressed by
sedatives or muscle relaxants.

19.2.3.3 Reaction to Pain
The absence of pain response can be regarded as unsafe test. However, far more
false-positive results are reported [8, 12] in hypothermic than in normothermic
patients. This may be due to the use of analgesics and sedatives during the ther-
apeutic hypothermia.

In addition, drugs are metabolized more slowly during the hypothermia state.
As a result, sedatives and analgesics might show higher drug levels at the end of
hypothermia and thus have a prolonged time of action. For this reason, clinical
examination should not be evaluated as a prognostic factor until 72 h after
resuscitation and at least 24 h after last drug administration [12].

19.2.4 Electrophysiological Indicators

Electrophysiological examinations are another cornerstone in prediction of out-
come. Also, when these types of investigations are considered to be simple and
noninvasive, they are not widely available and are difficult to interpret. Although
there are studies that show a good validity in normothermic patients, the influence
of hypothermia is yet not sufficiently tested.

19.2.4.1 Somatosensory Evoked Potentials
Somatosensory evoked potentials (SEPs) are a record of the electrical response of
fast conducting sensitive nerve fibers. They are derived by repeated electrical
stimulation of peripheral nerves at various points. SEP in patients not treated with
hypothermia are well validated with an FPR of 0.7 % [5]. Initial investigations
suggest that the FPR is increased by multiples during and after hypothermia [13].
The use of sedatives and analgesics during hypothermia complicates the use of
SEP. The use of SEP is therefore suitable only in rewarmed patients more than
72 h after termination sedation.
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19.2.4.2 Electroencephalography
Electroencephalography (EEG) is a method of medical diagnostics to measure the
summed electrical activity of the brain. As the SEP, the EEG is highly influenced
by the administration of sedatives and analgetics. Moreover, all EEG studies were
made while the patients were taking midazolam and fentanyl, so these drugs may
have affected the results [14]. Recent studies indicate that the special EEGs
(generalized suppression less than 20 lV or burst suppression pattern) observed
between 24 and 72 h after ROSC predict a poor outcome with an FPR of 3 % [5].

To this day, there is insufficient evidence to support the routine use of EEG or
SEP for prognostication of poor outcome in comatose cardiac arrest survivors.

19.2.5 Biochemical Markers

Meanwhile, several biomarkers for assessing neuronal damage are known. Bio-
chemical markers of brain injury are logical choices as prognostic markers of
neurological outcome. Of these biomarkers neuron-specific enolase (NSE) and
Protein S-100 (S100) are among the most widely studied and used.

19.2.5.1 Neuron-Specific Enolase
NSE is a neuron-derived enzyme, which is released after stroke and cardiac arrest
and can be detected in the blood. Its level in serum correlates with the extent of the
neurological damage. The predictive value of NSE in patients with ROSC has been
shown in several trials prior to the use of hypothermia [15, 16]. An elevation of NSE
is associated with poor outcome for comatose patients after cardiac arrest [17].
However, a subgroup analysis of the Hypothermia after Cardiac Arrest (HACA) trial
[18] showed a decreased prognostic value of NSE in patients treated with hypo-
thermia. Since the introduction of the 2010 guidelines, various studies have dealt
with NSE during hypothermia. Although an elevated NSE predicts a poor outcome,
there are case reports of good neurological survival despite extremely high NSE
levels in serum (\116 ng/ml) [17, 19]. It is therefore impossible to specify a cutoff.

19.2.5.2 Protein S-100
S100 is an astroglial protein, which is also released after stroke and cardiac arrest.
As NSE, S100 is one of the best characterized biochemical markers for brain
injury after ROSC. Studies have shown that S100 can be used to identify patients
at risk of significant cognitive impairment [20]. However, the use of S100 for
treatment limitation is controversial. Similar to the NSE, the definition of a cutoff
is impossible.

Both NSE and S100 concentrations measured 24–48 h after cardiac arrest
provide useful additional information. Although high serum levels argue against a
good outcome, there are some case reports with good survival after extreme high
serum level. A final decision can therefore never be made on the basis of NSE or
S100.
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19.3 Conclusions

Prognostic assessment of patients after cardiac arrest is and remains challenging.
Meanwhile, there are various useful tests that help to identify patients after cardiac
arrest with poor neurological outcome. However, none of these tests alone could
make a reliable prediction. In particular, the use of sedatives and analgesics, and
also the application of hypothermia with their influence on the metabolism,
reduces the significance of the various tests and, therefore, must be ruled out. In
order to avoid unnecessary prolongation of intensive care when good functional
recovery is unlikely and, on the other hand, to avoid falsely pessimistic prognosis,
which could lead to unjustified withdrawal of care, the prediction of unfavorable
outcome must have a higher specificity. Such wide-reaching decisions should not
be made based on the result of a single prognostication tool.

The time clinicians should wait before withdrawing supportive care for
comatose patients after therapeutic hypothermia, may need to be extended beyond
72 h. Withdrawal of life support 72 h after rewarming may prematurely terminate
life in at least 10 % of all potentially neurologically intact survivors [9].
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20Circulating Cardiac Biomarkers
and Outcome

Roberto Latini and Serge Masson

20.1 Background

Cardiac arrest is the final, catastrophic event of heart disease in most cases [1]. The
arrest is abrupt and unexpected and cardiopulmonary resuscitation (CPR) ma-
neuvres must be applied as early as possible according to the existing guidelines
[1]. The sooner CPR is started the higher are the chances of restoring pulse and
respiration. Resuscitation is achieved in approximately 2–39 % of the cases
depending on the setting and underlying patient conditions [2]. However, brain
injury often ensues leading to permanent deficits [3].

The question is why and when to use a biomarker in this extreme and rapidly
evolving clinical condition?

Let us first define a biomarker; a biomarker is a characteristic that is objectively
measured and provides information about normal biologic and pathologic pro-
cesses, and about responses to interventions. According to this widely accepted
definition, ECG and blood pressure are the two biomarkers generally used as a
guide for CPR. In most disease states, circulating biomarkers are being routinely
used to help the clinician in diagnosis, risk assessment, and to monitor disease
progression and its response to treatments. Then the second question is: Does a
circulating biomarker have a place in the context of cardiac arrest? The answer is
not intuitively available, and that is why to date there are no validated circulating
biomarkers in cardiac arrest.
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Few biomarkers have been assayed in resuscitated patients and only for
research purposes. Potential use of circulating biomarkers could be (a) to predict
outcomes, first neurological then cardiac, and (b) to individualize treatments,
which to now is a wishful thought.

Regardless of the purpose of its use, a biomarker will be of clinical value if it
can be measured accurately, reproducible by a cheap assay, acceptable to the
patient, easy to interpret by the clinician, sensitive and specific for the disease
process, explains a reasonable proportion of patient disease status and outcomes,
on top of established clinical and instrumental variables, and at the end substan-
tially contributes to patient management.

When interpreting the findings of the limited number of studies on circulating
biomarkers in cardiac arrest, all the above conditions must be kept in mind. Two
major methodological issues should also be adequately addressed to:
1. Representativeness of the population studied: Given the advancement in CPR

leading to the use of therapeutic hypothermia (TH) as an effective intervention
[4], contemporary studies on biomarkers should be conducted in patients
undergoing TH, since this intervention may alter both outcomes and circulating
levels of the biomarker.

2. Sample size: The correct assessment of the clinical value of a biomarker
requires an adequate number of patients to be studied, in order to minimize the
probability of a type-II error. In other words, it can be concluded that the
biomarker is unrelated to disease or to its outcomes just because the sample was
too small. Statistics offer methods to calculate the power of the study on pre-
dictive biomarker as it is commonly done when designing a clinical trial.
A survey of studies on biomarkers in resuscitated cardiac arrest reveals that

often the patient did not undergo contemporary resuscitation maneuvres including
TH, and that most studies are underpowered.

Given the objective difficulty in applying rigid blood sampling schedules in a
quickly changing condition, blood samples should be collected as part of clinical
trials or of large cohort studies in cardiac arrest.

In this way, as recently shown by the FINNRESUSCI Collaboration [5], bio-
banks from well-studied patients should be instituted. This would allow, as is
commonly experienced in other fields, the systematic study of known molecules
and the discovery of new biomarkers.

Since a new biomarker (or an old biomarker for a new application) that does not
change patient management and consequently outcomes is not cost-effective,
prospective studies will have to be conducted with the aim of assessing whether a
biomarker-guided approach will improve patients’ outcomes compared to an
approach without biomarker.
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20.2 Cardiac Biomarkers and Outcome

Troponins and natriuretic peptides are the two most widely used circulating
markers in clinical cardiology, the first for the diagnosis of acute myocardial
infarction, the second for the differential diagnosis of dyspnea of cardiac origin at
the emergency department. Both are also excellent prognosticators of mortality in
chronic cardiac conditions. Not surprisingly, the same two markers are those best
studied in the context of cardiac arrest. Cardiac troponins are integral parts of the
cardiac muscle infrastructure and play a critical role in the excitation–contraction
coupling. Their release from the damaged cardiomyocytes into the bloodstream is
the basis for estimating extent of cardiac damage [6]. Natriuretic peptides are
secreted by ventricular and atrial myocytes under conditions of cell stretching and
exert mainly diuretic and natriuretic actions, but they also have a role in opposing
some neurohormonal systems and in lipolysis [7, 8].

There are few investigations on the role of cardiac troponins for the differential
diagnosis of acute myocardial infarction (AMI) in patients successfully resusci-
tated after out-of-hospital cardiac arrest (OHCA). Early studies reported a sub-
stantial lack of sensitivity and specificity [9]. This may be due to the fact that
procedures used for CPR (chest compression or defibrillation) or persistent cir-
culatory shock may directly provoke myocardial damage and the release of cardiac
markers, in absence of coronary artery occlusion [10]. Troponin elevation in
patients resuscitated from OHCA but who do not have AMI is, however, lower and
normalizes faster compared in those with AMI [11]. In a recent, single-center
study, 163 patients resuscitated from OHCA were assessed with coronary angi-
ography on admission for AMI, that was diagnosed in 37 % of the cases [12]. High
circulating troponin concentrations were measured very early after cardiac arrest,
even in patients with normal angiograms (median cTnI was 0.6 ng/mL in the latter
group), indicative of nonischemic myocardial injury during chest compression.
However, combined with ST-elevation on ECG, elevated troponin concentration
on admission (cTnI [ 2.5 ng/mL) showed a good performance to exclude the
diagnosis of AMI (sensitivity 93 %, negative predictive value 94 %). The speci-
ficity remained low even in combination with ST-elevation on ECG (64 %).

International guidelines recommend considering emergent coronary angiogra-
phy and percutaneous coronary intervention in patients with OHCA and return of
spontaneous circulation (ROSC), even in the absence of STEMI [4]. Since clinical
findings such as chest pain are often lacking and the predictive value of ECG for
AMI is poor, troponin testing may provide a simple and objective selection of
post-resuscitation patient candidate for immediate coronary angiography. This
triage strategy has recently been tested in 422 cardiac arrest survivors without
obvious extra-cardiac causes [13]. In this large study, a coronary angiography was
systematically performed and cardiac troponin measured on admission. However,
even if independently associated with coronary occlusion, elevation of cardiac
troponin levels has a poor accuracy to identify a recent coronary lesion, precluding
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its use as the sole criteria for the decision to perform or not early coronary
angiography in these patients.

Acute coronary artery occlusion is therefore difficult to diagnose in survivors of
cardiac arrest using circulating markers alone, especially in case of ambiguous
ECG. There are no data available to date on the diagnostic performance of cardiac
troponins after cardiac arrest, when using high sensitivity assays that may readily
detect concentrations in the order of few nanograms per liter, ten to hundred times
lower than the conventional assays. However, one may speculate that specificity
will become an even more critical issue since the recent introduction of this new
generation of high sensitivity reagents has led to a substantial increase in the
proportion of detectable troponin levels attributable to conditions distinct from
acute coronary syndromes [14].

Natriuretic peptides have been tested for their relation to survival or neuro-
logical outcome after OHCA. Nagao et al. measured brain natriuretic peptide on
arrival at emergency room in 401 patients with presumed cardiac origin of OHCA,
according to the Utstein Style [15]. Primary outcome was survival to hospital
discharge, and among the secondary outcomes was neurological evaluation
according to the Pittsburgh Cerebral Performance Categories (CPC) scale. Mean
brain natriuretic peptide (BNP) was significantly higher in the decedents (260 pg/
mL) than in the 52 survivors (74 pg/mL). Survival decreased steeply across the
quartiles of BNP concentration, being 34, 10, 7, and 1 %, respectively, from
bottom to top. The same trends were observed in patients with witnessed arrest,
CPR by bystander, with shockable rhythm, or with ROSC after arrival at emer-
gency room. Higher BNP levels were significantly associated to death, even after
adjustment for variables associated with survival (witnessed arrest and ROSC
before hospital), suggesting a role of BNP for risk stratification of survival of
patients with OHCA. The highest prognostic accuracy was observed at a BNP
concentration of 100 pg/mL that corresponded to a negative predictive value of
96 % and a specificity of 66 %. Finally, the proportion of patients with favorable
neurological outcome (good recovery or moderate disability) decreased from 33 %
in the bottom quartile of BNP concentration to 0 % in the top one [15]. The same
group evaluated more recently BNP to predict neurological outcome in comatose
survivors of OHCA due to cardiac causes and treated with mild hypothermia by
extracorporeal cooling [16]. The primary endpoint was a favorable neurological
outcome at the time of hospital discharge. There was a rapid fall in the proportion
of patients with favorable neurological outcome across the quartiles of BNP
concentration, in all patients, and in those with witnessed arrest, bystander CPR,
shockable rhythm, ROSC after arrival at emergency room or cardiac arrest due to
acute coronary syndrome [16]. The fact that BNP levels measured on admission in
comatose cardiac arrest survivors may predict neurological outcome has been
confirmed in an independent study that enrolled 115 patients followed for
6 months [17]. In this setting, BNP was significantly associated with an adverse
neurological outcome and mortality, independent of the pre-arrest health and
cardiac conditions. Although natriuretic peptides provide invaluable information
about the post-resuscitation cardiovascular function, and therefore indirectly on
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cerebral perfusion, it is clear that brain-specific markers, such as neuron-specific
enolase (NSE) or S100B, are more promising candidates for the prediction of
neurological outcome after OHCA and cardiopulmonary resuscitation [18].

20.3 Matrix Metalloproteinases

Other circulating biomarkers, not strictly of cardiac origin, have been evaluated for
risk stratification after OHCA. Among them, matrix metalloproteinases (MMP)
that play a major role in the turnover extracellular matrix components and cardiac
remodeling after ischemia–reperfusion injury. They have been proposed as ther-
apeutic targets in different organs, including the heart [19]. The clinical usefulness
for risk stratification of MMP-9 has been assessed in 96 OHCA patients [20].
Circulating levels on admission were significantly higher in patients with failed
(93 ng/mL) than with successful CPR (70 ng/mL). In addition, MMP-9 concen-
tration on admission was the sole predictor of early mortality (odds ratio 1.50,
p \ 0.001), in multivariable models that included presence of asystole, mean
duration of cardiac arrest, out-of-hospital CPR, electrolytes, and arterial pH. At
optimal cutoff value, MMP-9 predicted failed CPR with a sensitivity of 88 % and a
specificity of 98 %, suggesting that it might help in risk stratification of patients
with cardiac arrest [20]. Elevation of different matrix metalloproteinases (MMP-7
and MMP-9) has been confirmed in 51 patients resuscitated form cardiac arrest at
24 h from ROSC [21]. In this study, therapeutic hypothermia was associated with
reduced MMP-9 levels, suggesting an attenuation of inflammatory response by this
treatment. The influence of hypothermia after cardiac arrest on the activation of
circulating inflammatory markers and their role in tissue injury remains, however,
controversial with conflicting data between human and animal studies [22–25].

20.4 The Kynurenine Pathway

More consistent data have been obtained very recently in a fully translational
approach following cardiopulmonary resuscitation in rats, pigs, and humans [26].
Using untargeted metabolomics, the authors identified alterations in a major route
of the tryptophan catabolism, namely the kynurenine pathway, in post-resuscita-
tion circulating metabolites. The kynurenine pathway is mainly activated upon
inflammatory stimulation and is implicated in the pathogenesis of numerous
central nervous system disorders, as well as in sepsis development and profound
hypotension during septic shock [27]. A significant increase in the plasma levels of
3-hydroxyanthranilic acid (3-HAA) and kynurenic acid in each species (rats, pigs,
and humans) persisted up to 3–5 days post-cardiac arrest [26]. In addition, kyn-
urenine pathway activation was significantly related to the severity of post-
resuscitation myocardial dysfunction, cerebral injury, functional outcome, and
survival. More efforts are currently under way to evaluate the clinical utility of the
metabolites of the kynurenine pathway in larger cohorts of patients with OHCA.
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21Circulatory Shock: Definition,
Assessment, and Management

Jean-Louis Vincent

21.1 Introduction

The key function of the cardiovascular system is to provide adequate perfusion of
all organs and tissues to ensure transport of oxygen, carbon dioxide, nutrients,
hormones, etc., in order to maintain local and global homeostasis. In conditions of
circulatory shock, cardiovascular function is impaired resulting in inadequate
perfusion with associated tissue hypoxia and buildup of metabolic waste, leading
ultimately to cellular death and organ failure. The circulatory system is essentially
composed of a pump (the heart) and a series of transport pipes (arteries, veins,
capillaries). Circulatory shock can arise as a result of altered function of any or
several parts of this circuit but the hallmark of all forms of circulatory shock is an
imbalance in tissue oxygen demand and oxygen delivery, resulting in aerobic
metabolism and increasing blood lactate levels. In this chapter, we will briefly
describe the characteristics of the different types of shock, and approaches to the
clinical assessment and management of the patient with circulatory shock.

21.2 Definition

Shock has been defined as a clinical syndrome characterized by signs of altered
tissue perfusion, including pallor, a cold moist skin, altered mental status, oliguria,
and arterial hypotension (systolic arterial pressure \90 mmHg or a decrease in
arterial pressure by more than 50 mmHg from basal levels) [1]. Importantly,
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although arterial hypotension is generally considered as one of the main signs of
circulatory shock, it may not always be present because of the general vasocon-
striction caused by the activated sympathetic nervous system, which can mask the
fall in blood pressure [2]. Moreover, although the usual lower limit for systolic
arterial pressure is considered as 90 mmHg, this may vary from one patient to
another, e.g., the pressure threshold may be different in older compared to younger
patients or in patients with chronic hypertension or on antihypertensive
medication.

The classification of circulatory shock that is still widely used today was first
introduced by Weil and Shubin more than 40 years ago [3]! In this system, the
principal underlying mechanism is used to define four types of circulatory shock:
• Cardiogenic: resulting from primary failure of the cardiac pump because of

physical or functional loss of myocardium. Cardiogenic shock is most often
associated with acute myocardial infarction, end-stage cardiomyopathy,
advanced valvular disease, severe myocarditis, or severe cardiac arrhythmias.

• Hypovolemic: resulting from external (exogenous) or internal (endogenous)
fluid loss causing a decreased circulating blood volume. The most obvious
cause of external hypovolemic shock is acute hemorrhage, but severe vomiting
or diarrhea can also be implicated, particularly in children and the elderly.
Internal fluid loss can occur as a result of tissue extravasation, for example in
inflammation or anaphylaxis.

• Obstructive: resulting from an impediment to blood flow in the cardiovascular
system outside of the heart itself. The main causes of obstructive shock are
massive pulmonary embolism, cardiac tamponade, or tension pneumothorax.

• Distributive: resulting from widespread vascular dilatation associated with the
release of inflammatory mediators, as typically observed in sepsis, but also
occurring in anaphylaxis, spinal shock, and some endocrinological disorders,
such as thyroid or adrenal crises.
Septic shock is the most common form of shock in the intensive care unit (ICU)

patient, followed by cardiogenic and hypovolemic shock; obstructive shock is
relatively rare. In a trial comparing dopamine to norepinephrine for the treatment
of shock in 1,600 patients, 62 % had septic (distributive) shock, 17 % cardiogenic
shock, and 16 % hypovolemic shock [4].

In all types of circulatory shock, the end-result is inadequate tissue oxygena-
tion. In the first three mechanisms, the cause is inadequate oxygen transport as a
result of a low cardiac output. In contrast, in distributive forms of shock, the main
cause is altered tissue oxygen extraction; indeed, in these patients, cardiac output
is typically high, even if there is associated myocardial depression.

Importantly, a patient may have several types of shock present simultaneously:
for example, a patient with septic shock will initially have distributive shock but
may also then develop hypovolemic (sweating, diarrhea, extravasation…) and
cardiogenic (sepsis-induced myocardial depression) forms; a patient with ana-
phylactic shock may have a similar pattern with distributive, hypovolemic
(extravasation), and cardiogenic forms all present.
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21.3 Assessment

Assessment of the patient with presumed circulatory shock involves a combination
of clinical, hemodynamic, and biochemical signs:
• Clinical signs of shock: these are largely related to poor perfusion, and include

cold, clammy skin as a result of vasoconstriction with cyanosis also generally
present in low flow states; decreased urine output to less than 0.5 mL/kg/h; and
obtundation, disorientation, and confusion as a result of decreased cerebral
perfusion. These areas have been called the three ‘‘windows’’ of the body [2]
(Fig. 21.1). A possible fourth window is the sublingual microcirculation.
Although still experimental, observation of the sublingual microcirculation
using orthogonal polarization spectral (OPS) or, more recently, sidestream
darkfield (SDF) imaging is providing interesting insight into the effects of shock
on microcirculatory perfusion. Shock is associated with characteristic and semi-
quantifiable [5] changes in the microcirculation, including increased hetero-
geneity of flow, which are related to severity and outcome and can be influ-
enced by therapy [6–10]. Repeated observation of the sublingual
microcirculation could, therefore, be a useful additional point of assessment for
diagnosis and follow-up of patients with shock although further clinical studies
are needed to confirm that microcirculatory-guided therapies do indeed improve
outcomes.

Fig. 21.1 The assessment of the patient with shock, showing the three ‘‘windows’’ of the body
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• Hemodynamic signs of shock: as mentioned earlier, although hypotension is
perhaps considered the hallmark of acute circulatory shock, it may in fact only
be moderate, especially in patients with chronic hypertension. Tachycardia is
usually present. Other hemodynamic variables differ according to the type of
shock: for example, cardiac output will be reduced in cardiogenic, hypovole-
mic, and obstructive shock but normal or high in distributive shock; similarly
systemic vascular resistance is typically increased in distributive shock but
reduced in all other forms; pulmonary artery occlusion pressure will be reduced
in hypovolemic shock, but increased in other forms of shock.

• Biochemical signs of shock: The biochemical changes associated with circu-
latory shock will again vary according to the type of shock, but one biochemical
sign that is present in all forms of shock is hyperlactatemia. The importance of
blood lactate concentrations in patients with shock was highlighted by Dr Weil
and colleagues almost 50 years ago and blood lactate concentrations remain
very relevant today [11, 12]. The reduced tissue oxygenation results in anaer-
obic metabolism and hence in raised blood lactate concentrations. Normal
lactate concentrations are around 1 mEq/L and a value greater than 2 mEq/L is
generally considered to reflect the presence of shock in the absence of other
potentially causative factors, such as excessive aerobic glycolysis (e.g., during
shivering, seizures, hyperventilation) and/or decreased utilization (e.g., liver
failure, mitochondrial inhibition). In patients with shock, the severity of hy-
perlactatemia is directly related to outcome [13, 14]. Changes in lactate con-
centrations over time are particularly useful in predicting prognosis [15, 16].

21.4 Management

Circulatory shock is a medical emergency and early and adequate hemodynamic
support is crucial to avoid worsening organ dysfunction. It is important to deter-
mine the underlying cause of the shock so that it can be managed accordingly, but
this should not delay appropriate resuscitation, which must be started immediately.
Once a cause is identified, specific management can be added, for example, control
of bleeding, percutaneous coronary intervention, thrombolytic agent, administra-
tion of antibiotics, etc.

The goals of resuscitation are essentially to restore adequate tissue perfusion and
oxygenation but these targets are currently difficult to define and monitor. An
appropriate initial mean systemic arterial pressure target of 65-70 mmHg is often
quoted [17], but this level should be adjusted according to signs of tissue perfusion,
such as the mental status, cutaneous signs, and urine output described earlier.
Moreover, a lower blood pressure may initially be acceptable in an acutely bleeding
patient who has no major neurological problems, because this may help limit blood
losses. Similarly, optimal cardiac output is difficult to define and will vary in
different patients and in the same patient over time. Mixed venous oxygen satu-
ration (SvO2) can help to indicate whether the balance between oxygen demand and
supply is adequate, but requires invasive monitoring. Central venous oxygen

222 J.-L. Vincent



saturation (ScvO2), measured in the superior vena cava using a central venous
catheter, can be used as a surrogate but reflects the oxygen saturation of the venous
blood from the upper half of the body only. Nevertheless, in patients presenting to
an emergency department with septic shock, a treatment algorithm targeting an
ScvO2 of at least 70 % during the first 6 h was associated with decreased mortality
rates [18]. This approach is currently being evaluated in multicenter trials. Changes
in blood lactate concentrations can also be used to indicate response to therapy
although they take place more slowly than changes in systemic arterial pressure or
cardiac output. In ICU patients with shock and a blood lactate concentra-
tion [3 mEq/L, targeting a decrease in blood lactate level of at least 20 % over 2 h
was associated with reduced hospital mortality [19]. The latest guidelines for
management of patients with severe sepsis and septic shock suggest (grade 2C) that
therapy should be targeted to normalize blood lactate levels [17].

The initial management of the patient with shock can be conducted according to
the VIP (Ventilate, Infuse, Pump) mnemonic [20]:
• Ventilate: Oxygen should be administered immediately to correct hypoxemia

and increase oxygen delivery. Noninvasive mechanical ventilation has a limited
place in these patients as failure can rapidly result in respiratory arrest. Hence,
there should be a low threshold for performing endotracheal intubation and
starting mechanical ventilation. Moreover, in addition to optimizing oxygen
delivery, invasive mechanical ventilation can reduce respiratory muscle oxygen
demand and, by increasing intrathoracic pressures, can decrease left ventricular
afterload.
In the acute resuscitation period, adequate oxygenation is essential and oxygen
can generally be given fairly liberally; nevertheless, there are some concerns
about the microvascular risks associated with high PaO2 over longer periods,
particularly after cardiac arrest [21]. In patients with shock, pulse oximetry can
be unreliable because of decreased cutaneous perfusion, and insertion of an
arterial catheter is often required to facilitate arterial blood sampling and
titration of oxygen.

• Infuse: Fluid administration is another cornerstone in the management of
patients with shock aimed at increasing cardiac output and improving tissue
perfusion. Importantly, fluids should not be restricted in patients with shock
who have edema as this may be the result of extravasation, which can decrease
intravascular blood volume [22].
The choice of fluid remains controversial. Essentially, there are two main
groups of fluid—the crystalloids and the colloids. The perceived benefit of
colloid solutions over crystalloids lies in the fact that colloids remain more and
longer in the intravascular space than crystalloids and thus maintain plasma
oncotic pressure better, although this difference may be less marked in patients
with altered membrane permeability, such as those with sepsis. Nevertheless, in
general, less colloid is needed to achieve the same resuscitation endpoints as
crystalloid, thus potentially reducing the risks of fluid overload. No study in
heterogeneous groups of critically ill patients has demonstrated a beneficial
effect on survival of resuscitation with colloid over crystalloid solutions.
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The latest Surviving Sepsis Campaign (SSC) guidelines [17] recommend (grade
1B) use of crystalloids as the initial fluid of choice in the resuscitation of
patients with sepsis. Although there is some debate about the use of saline
solutions in the presence of severe metabolic acidosis because of the chloride
load, the clinical impact of this effect is unclear. Recent evidence has suggested
that hydroxyethyl starch solutions have no benefit over other crystalloid solu-
tions and may have negative effects on risks of renal failure [23–26], such that
these solutions are no longer recommended as first-line fluids [17]. Some
studies have suggested that 4 % albumin solutions may be of benefit compared
to normal saline in patients with sepsis [27]. Currently, the optimal approach
would seem to be to start with balanced crystalloid solutions and then to pre-
scribe further fluids much as one prescribes other drugs, taking into account
individual patient characteristics and the beneficial and adverse effects of each
fluid type. Although blood transfusions may be required in certain patients,
detailed consideration of the indications, benefits, and risks associated with
transfusion is beyond the scope of this chapter.
Whichever fluid type is selected, fluid administration needs to be closely
monitored to avoid fluid overload. However, assessing fluid requirements can
be difficult. The ultimate objective of fluid administration is for cardiac output
to become preload independent (i.e., on the plateau portion of the Frank-Star-
ling curve), but static values of effective filling (pressures or volumes) are poor
predictors of the response to fluids [28, 29] and should not be used to guide fluid
administration. Dynamic measures of fluid responsiveness are increasingly
used, including pulse pressure variation and stroke volume variation during
mechanical ventilation or after passive leg-raising [29, 30], but each has its
limitations.
Fluid challenges should therefore be used to determine the need for ongoing
fluid infusion [31]. A fluid challenge incorporates four elements that must be
defined in advance:

1. The type of fluid (see earlier).
2. The rate of fluid administration: Typically 300-500 mL are given over

20-30 min [17].
3. The objective: This is generally an increase in arterial pressure in patients in

shock, but a decrease in heart rate or an increase in urine output may be
alternatives in certain patients.

4. The safety limits: A central venous pressure (CVP) limit slightly above the
baseline value is usually set to avoid risks of fluid overload [17].
Fluid challenges can be repeated as necessary to ensure patients receive
adequate fluid administration, but must be stopped if the safety limits are
breached or there is no response.

• Pump: In the vast majority of patients with circulatory shock, vasoactive agents
will be required to help restore adequate perfusion pressure. Vasopressors
should be given first and can be started while fluid resuscitation is ongoing, with
the aim of reducing doses if possible once normovolemia is established.
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Norepinephrine is the preferred vasopressor agent, being associated with lower
mortality rates than dopamine in cardiogenic [4] and in septic [32] shock. The
usual dose ranges between 0.1 and 2 lg/kg/min. If inotropic agents are needed
to increase cardiac output, dobutamine is preferred and should be titrated
according to individual patient response.

21.5 Conclusion

Circulatory shock of whatever cause is a life-threatening condition that requires
immediate and intensive treatment. Invasive monitoring will likely be necessary to
guide resuscitation. The initial management of shock has the same aim regardless
of the underlying etiology, i.e., to restore tissue oxygenation. Monitoring of shock
relies on assessment of arterial pressure, cardiac output, tissue perfusion abnor-
malities, and blood lactate concentrations. Monitoring of the microcirculation may
help, but further study is needed to confirm this.
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22Resuscitation and Ethics: How to Deal
with the ‘‘Do not Resuscitate Order’’?

Cristina Santonocito, Filippo Sanfilippo, Giuseppe Ristagno
and Antonino Gullo

22.1 Introduction

Resuscitation has the ability to reverse death, but it can also prolong terminal
illness, and cause patient’s discomfort [1]. A ‘‘do not resuscitate’’ (DNR) order is
one of the most important patient care directives. It is a written medical option that
documents patient’s wishes regarding resuscitation and patient’s desire to avoid
overtreatment [2]. Indeed, DNR has irreversible consequences.

There are a few important concepts for a better DNR understanding: ‘‘medical
futility,’’ ‘‘informed consent,’’ and ‘‘informed assent.’’

The definition and value of the ‘‘futility’’ principle in medical decision refers to
treatments recognized as nonbeneficial or ineffective [3]. The principle of futility is
currently being used in clinical practice. The informed consent should be obtained
and signed directly by the person performing the procedure. Because the process
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of obtaining ‘‘informed consent’’ may be stressful for the patient and his family, it
has been agreed that obtaining ‘‘informed assent,’’ by which the patient or family
is explicitly invited to defer to clinician’s judgment for treatment decision is an
appropriate, ethical alternative [4]. Nevertheless, this alternative should not be
offered when clinicians are uncertain about the patient’s prognosis. It is recom-
mended that clinicians should address careful attention to the particular wishes and
needs of specific patients and families and should spend enough time with them
during the consent obtaining process.

22.2 Ethics and Communication

Looking at the international policies, different attitudes are shown toward the so-
called advanced directives (ADs) and often confusion remains on how they have to
be followed. Indeed, European, Australian, and American healthcare systems are
working on their implementation [5]. Regarding ADs, and especially the DNR
order, it is important to consider that the motivating moral idea behind them is the
same as the informed consent. DNR, in fact, in essence, represents a proactive
informed refusal of therapies, and more specifically of resuscitation maneuvers, in
a future state. It is well recognized that one of the moral bases for informed
consent is respect for patient’s autonomous wishes, according to the four cardinal
ethical points reported in Table 22.1.

Although unlikely, ADs are frequently discussed and considered during
stressful and urgent circumstances, in the Emergency Room and in the Intensive
Care Unit. For this reason, discussions about DNR order should be considered and
implemented as an essential part of the standard of care. The conversation ought
also to continue after patients have filled out any forms, as the goal of the dis-
cussion is the development of a worldview regarding future medical care by the
patient. People will be able to change their ADs over time, and this point should be
clearly thought linked with good communication skills by the healthcare profes-
sionals dealing with patients potentially involved in DNR order. In the USA, the
physician’s attitude to discuss about this issue with patient is raising over time. It
should be desirable that this discussion should take place not only when the patient
is near to the end of his life, but in earlier times. The discussion is aimed at
expressing the values that could help in guiding a decision-making process when

Table 22.1 The four cardinal ethical points

Autonomy The right of the patient to accept or refuse any treatment

Not
malefiency

Doing no harm or, even more appropriate, no further harm

Beneficial Implies that healthcare providers must provide benefits in the best interest of the
individual patient while balancing benefits and risks

Justice Implies the concern and duty to distribute limited health resources equally within a
society, and the decision of who gets what treatment (fairness and equality).
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the patient is unable to make his own decisions. In the USA, it is, otherwise,
possible to have a family covenant, an open healthcare agreement that can facil-
itate advance care planning. Since the individual values are the relevant features of
ADs, making those values clear and explicit can greatly assist the family and
physicians to achieve patient’s benefit, as detailed in Fig. 22.1. It is also necessary
to identify how nurses and physicians perceive end-of-life care so that their
communication can be improved [6]. The most common attitude is that physicians
are more likely to discuss DNR orders only when the patient’s prognosis is poor.
However, often, despite the short surviving time, cancer patients have no ADs and
this may be an indicator of suboptimal doctor–patient communication [7].
Moreover, terminology often lacks full consensus, i.e., it has been proposed that
‘‘DNR’’ represents a problematic, especially from a legal point of view, sentence
and should be replaced with ‘‘allow natural death’’ (AND) [8].

22.3 Legal Aspects

After the mid-1970s, the decision ‘‘not to resuscitate’’ was first legalized and in the
USA the American Medical Association first recommended that decisions to
forego resuscitation be formally documented. Importantly, it was emphasized that
CPR was intended for the prevention of a sudden, unexpected death—not the
treatment of a terminal, irreversible illness [9]. Explicit DNR policies soon fol-
lowed. However, there was no clarity about the DNR order until the Cruzan case in
USA, 1990. On that occasion, the Justice emphasized the importance of clear oral
and written instructions prior to incapacity, as well as clear appointment of durable
powers of attorney as means for the incompetent individual to exercise choices.
After that case, the Patient Self-Determination Act (PSDA), with the intent to
reduce the number of situations in which patients did not have written ADs went
into effect, making ADs legally acceptable by statute in all 50 US states [10]. The
DNR issue was considered not only in the out-of-hospital scene but also in

Family attitude

To follow doctor’s decisions To follow patient’s decision

To decide by itself if necessary helped by a family covenant

Fig. 22.1 Family attitude in case of end-of-life care
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perioperative time. However, after the 1990s, DNR orders were routinely sus-
pended during the intraoperative and immediate postoperative periods. Finally, the
American Society of Anesthesiologists formalized this policy in a set of guidelines
approved in 1993 and updated in 1998 [11, 12].

At present, there is no standardized DNR policy for the whole healthcare
system in USA. In several countries, this issue is faced in different ways depending
on religious, cultural, historical, and ethical differences existing between people.
There is evidence of a lack about a universal DNR order policy around the world
as shown in Table 22.2 [13–18].

Table 22.2 DNR order around the world

Country Policy

USA signed consent policy
witnessed verbal consent policy

South
America

oral orders take preference
ADs: physician thinks to share with the patient in decision making

UK an advance refusal has legal force

Spain DNR decisions are clearly indicated to limit the therapeutic effort

France directives by the patient’s family or a surrogate decision maker have only a
consultative role
care decisions are made after a collegial procedure

Belgium law regulating euthanasia
End-of-life decisions often occur within the context of multidisciplinary care

Norway withholding and/or withdrawing life-sustaining treatment were taken in the
aftermath of a DNR order

Netherlands euthanasia and self-written ADs are legally binding

Italy Guidelines (SIAARTI) but there is no law
The doctors decide what to do trying to respect and giving a right interpretation of
patient’s will

Israel No consensual practice
strong ethnic and religious beliefs (e.g., Jewish religion considers the dying event
as an uninterrupted, peaceful transition from life to death)

China it is preferable that dying people exhale their last breath at home
more DNR orders being written

Japan The physicians could institute DNR order without consulting the family when the
physician feels that a CPR is unjustified and futile (The Japan Society for Dying
with Dignity)

Australia
and
New
Zealand

most of the patients prefer DNR orders to ‘good palliative care’ orders and prefer
written orders
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22.4 Future Goals

The need for standardization appears clear in all countries and several contribu-
tions support the target for achieving a consensus in this critical issue [19, 20]:
1. Good communication and discussion are essential between patient, family,

religious representative, and hospital staff to clarify the patient’s preferences if
him/her is still mentally competent. Formal physician education on this issue is
urgently needed and should be considered as a part of the formative curriculum
for undergraduate and postgraduate doctors and nurses.

2. Provide psychosocial support so the patients feel comfortable in expressing
their preferences. Avoiding futile interventions would be an important step to
increase trust between patient and healthcare system. If an intervention is
determined to be ineffective, the physician is under no ethical obligation to
offer, provide, or continue it, because it is important to respect patient’s
autonomy.

3. Improving standards and quality of care in authorizing a DNR order.
4. Recognize that ADs (living wills) are associated with end-of-life expenditures

and treatments, particularly, with a significantly lower level of Medicare
spending.

5. Continuing education on professionalism. Ethical values in clinical practice,
especially patient autonomy, should be addressed during early stage of the
medical curriculum. Education, scholarship, and ethical values are proclaimed
by the Medical Professional in which among several concepts, also respect for
others and self-regulation, are included.

22.5 Conclusions

Professional reflection is required on end-of-life care and the ‘‘DNR’’ order.
Despite the ardent desire to sustain life, medical professionals should withstand the
temptation to act when the patient’s wish is to not be resuscitated. Rather than
perceiving that they are doing nothing, something has indeed been done; the
patient’s wishes have been respected, their autonomy has been preserved, and they
have been allowed to die with dignity. Complying with these wishes represents a
real challenge for patients and their families, physicians, nurses, and also the
community.
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23Translational Research: An Ongoing
Challenge in Cardiac Arrest

Antonino Gullo

…time is necessary for teachers to teach, for learners to learn,
and…for the education process to be long enough for major
educational objectives to be met.

M. H. Weil (1927–2011).

23.1 Background

Cardiovascular disease is the first cause of mortality in developed countries. The
heart responds to many pathological conditions with hypertrophic growth by
enlarging individual myocytes to augment the cardiac pump function and to
decrease ventricular wall tension. Initially, such cardiac elements are often com-
pensatory, but as time progresses these changes evidence subclinical and/or
symptomatic grading of dysfunction. Cardiac remodeling and hypertrophy are the
major predictors leading to heart failure and dangerous arrhythmias, ultimately
determining a condition of sudden cardiac death (SCA) [1].

Advances in medicine emerge from molecular and genetic studies of cardio-
vascular disease in experimental models and in patients at risk. In the last 20 years
selected therapeutic targets have emerged and have a tangible translational
potential given the available pharmacologic agents that could be readily evaluated
in human observations and in clinical trials [2]. Indeed, there is growing evidence
of the importance of translational science and medicine, according to the bench-
bedside concept, in the improvement of patient outcome, even though the defi-
nitions of translational science, translational medicine, and clinical medicine need
to be further clarified. In other words, clinical and translational medicine are
expected to include scientific and regulatory investigations to translate preclinical
research to clinical application with a specific emphasis on new biotechnologies,
biomaterials, bioengineering, disease-specific biomarkers, cellular and molecular
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medicine, ‘omics science, bioinformatics, applied immunology, molecular imag-
ing, drug discovery and development, and health policy regulation.

Translational medicine should meet the increasing demand for expanding the
biomedical workforce and education programs that attract and retain young people
to the translational biomedical science. In the present perspective we selected a
series of contributions, a sort of decalogue about clinical and translational medi-
cine, to support the efforts of scientists and clinicians to understand better the
mechanisms of biological and cellular disorders in animal models, in human being
studies, and in the clinical randomized controlled trials. This dynamic concept is
maintained and supported by continuing education and training programs to save
lives. The central pillar to implement guidelines and ultimately the clinical out-
come is based on the importance of translation research to guide future directions
and perspectives in the field of resuscitation science.

23.2 Sudden Cardiac Arrest

Cardiac arrest is a dramatic condition leading to sudden death if two determinant
interventions, basic life support, and early defibrillation, cannot be performed on
time. In coincidence with the decreased mortality from coronary artery disease,
there is evidence pointing toward a decrease in rates of SCA in the United States
during the second half of the twentieth century. However, the alarming rise in
prevalence of obesity and diabetes in the first decade of the new millennium both
in the United States and worldwide, would indicate that this favorable trend is
unlikely to persist [3]. SCA is a complex phenotype, and determinants are likely to
be multifactorial. More recently, an additional significant genetic component has
been considered in the context of multiple cardiac conditions, comorbidities, as
well as epidemiologic and environmental factors [4].

In real life, the critical time intervals, in part based on the Utstein templates for
documenting the sequence of interventions [5], begins with the call for emergency
assistance, documents arrival time of rescuers including bystander, the interven-
tions performed by the emergency medical responders at the site of the victim, and
the sequences of interventions that follow. In the instance of ventricular fibrillation
(VF), automated external defibrillation (AED) has enfranchised non professional
rescuers to reverse VF. Current evidence supports the value of a well-organized
program of bystanders initiated CPR and, in some settings, public access defi-
brillation [6]. Within the past year, the Chain of Survival has been amended to
include an additional link, namely post-resuscitation management [7]. The thera-
peutic management of patients that recover spontaneous circulation, based on life
support measures and a series of actions based on ‘‘clinical judgment,’’ might not
be the best way to treat patients with post-cardiac arrest syndrome. The use of the
goal-guided protocols to manage these patients including therapeutic measures of
proven efficacy, such as mild therapeutic hypothermia and early revascularization,
when indicated, can improve the prognosis considerably in these patients [8].
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In this sense, the term cardiopulmonary and cerebral resuscitation proposed by
scientists and practitioners might be more appropriate.

An alternative approach to improve survival from SCA is to use the continuous
quality improvement (CQI) approach, a process often used to address public health
problems. CQI advocates that one obtains baseline survival rate for his/her field of
action and uses this baseline data to achieve improvements under a continuous re-
evaluation process. Using CQI, significant improvement in survival of patients
with out-of-hospital cardiac arrest has been achieved. For example, Drs. Ewy and
Sanders from Arizona recommended that all emergency medical systems deter-
mined their baseline survival rates from cardiac arrest and considered imple-
menting the CQI approach if the community did not obtain a neurologically intact
survival rate of at least 30 % [9].

The translation of basic science into everyday clinical practice may be difficult
and it still remains a major issue in contemporary medicine. For this purpose, a
new discipline has been created, the translational research, which has been trying
to assess the discrepancies between research and clinical field. Translational
research is a continuum of research in which basic science discovering is inte-
grated into clinical applications and clinical observations are used to generate
scientific topics of basic science [10]. Research to advance cardiac arrest knowl-
edge is a difficult task. Experts set up a series of guidelines that represent a
keystone for educational needs and evolving technology.

23.3 Decalogue of Translation Research

The official definition of translational research as stated by the National Institute of
Health (NIH) is as follows: ‘‘Translational research transforms scientific discov-
eries arising from laboratory, clinical or population studies into new clinical tools
and applications that improve human health by reducing disease incidence, mor-
bidity and mortality’’ (modified from ‘‘Transforming Translation—Harnessing
Discovery for Patient and Public Benefit’’—Report of the Translational Research
Working Group of the National Cancer Advisory Board, US NIH, 2007).

Translational research moves in a bidirectional manner from one type of
research to another—from basic research to patient-oriented research, to popula-
tion-based research, and back—and involves collaboration among scientists from
multiple disciplines. Research in resuscitation training should be considered an
example of translational science, where rigorous studies of skill acquisition with
outcome measures serve to transfer the results to the clinical environment for
analysis of their impact upon patient care [11]. Medicine moves basic biological
discoveries from the research bench to the patient-care setting and uses clinical
observations to inform basic biology. It focuses on patient care, including the
creation of new diagnostics, prognostics, prevention strategies, and therapies based
on biological discoveries. Bioinformatics involves algorithms to represent, store,
and analyze basic biological data, including DNA sequence, RNA expression, and
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protein and small-molecule abundance within cells. Translational bioinformatics
spans these two fields; it involves the development of algorithms to analyze basic
molecular and cellular data with an explicit goal of affecting clinical care. In this
section of the book the authors summarize some experimental and clinical aspects
of translation research in the field of resuscitation (Table 23.1).

23.3.1 Pharmacology, Regenerative Medicine, and Tissue
Engineering

Regenerative medicine is a rapidly evolving multidisciplinary, translational
research field whose explicit purpose is to advance technologies for the repair and
replacement of damaged cells, tissues, and organs [12]. Scientific progress in the
field has been steady and expectations for its robust clinical application continue to
rise. Indeed, in 2007, the phrase ‘‘regenerative pharmacology’’ was coined to
describe the enormous possibilities that could occur at the interface between
pharmacology, regenerative medicine, and tissue engineering. The operational
definition of regenerative pharmacology is ‘‘the application of pharmacological
sciences to accelerate, optimize, and characterize (either in vitro or in vivo) the
development, maturation, and function of bioengineered and regenerating tissues.’’
Thus, regenerative pharmacology seeks to cure disease through restoration of
tissue/organ function. This strategy is distinct from standard pharmacotherapy,
which is often limited to the amelioration of symptoms. The goal here is to get
pharmacologists more involved in this field of research by exposing them to the
tools, opportunities, challenges, and interdisciplinary expertise that will be
required to ensure awareness and galvanize involvement. Christ and coworkers
reported that science can drive future innovations in regenerative medicine and
tissue engineering and thus help to revolutionize the discovery of curative

Table 23.1 Decalogue of translation research

Pharmacology, regenerative medicine, and tissue engineering

Inflammation during resuscitation

Oxygenation during and after cardiopulmonary resuscitation

Cardioprotection

Vasopressor agents for cardiopulmonary resuscitation

Amplitude Spectrum Area (AMSA)

Na+/H+ channelpathies and pharmacological defibrillation

Brain ischemia/reperfusion

Therapeutic hypothermia

Kynurenine pathway
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therapeutics [13]. In the setting of cardiac arrest, Dr. Wang and colleagues have
reported that administration of allogeneic bone marrow mesenchymal stem cells
improved myocardial function and survival after cardiopulmonary resuscitation in
myocardial infarcted rats [14].

23.3.2 Inflammation During Resuscitation

Proinflammatory mediators such as tumor necrosis factor-alpha (TNFa) have been
implicated in the pathophysiology of a number of acute disease states. TNFa can
contribute to cell death, apoptosis, and organ dysfunction. It can be generated
during sepsis or ischemia-reperfusion by activation of cell mitogen-activated
protein kinases and nuclear factor kappa B. A number of strategies to modulate
TNF have been recently explored, including factors directed toward mitogen-
activated protein kinases, TNFa transcription, anti-inflammatory ligands, heat
shock proteins, and TNF-binding proteins. However, TNFa may also play an
important role in the adaptive response to injury and inflammation. Control of the
deleterious effects of TNFa and other proinflammatory cytokines represents a
realistic goal for clinical emergency medicine [15]. Indeed, an important inflam-
matory response, similar to a sepsis-like syndrome, occurs after resuscitation from
cardiac arrest [16]. Interactions among pleiotropic mediators, coagulation abnor-
malities, activation of the inflammatory cytokine cascade, chemokine upregula-
tion, and ultimately recruitment of inflammatory leukocytes and reactive
astrogliosis have been reported after cardiac arrest and are major players in the
final outcome [16, 17]. Several translational approaches have been investigated in
animal models of cardiac arrest and proposed to the clinical scenario such to
mitigate the post-resuscitation inflammation, i.e., hypothermia and/or therapeutic
gases [18, 19].

23.3.3 Oxygenation During and After Cardiopulmonary
Resuscitation

Reversal of tissue hypoxia, particularly in the heart and brain, is a fundamental
goal of cardiopulmonary resuscitation. However, a growing body of evidence
suggests that hyperoxia, especially after return of spontaneous circulation, may
worsen outcome. Therefore, the concept of controlled oxygenation during and
after cardiac arrest has become determinant [20, 21].

Animal studies over the last two decades have built a compelling case that
arterial hyperoxemia during the first hours after resuscitation causes increased
oxidative damage, increased neuronal death, and worse neurological function. In a
meta-analysis of animal studies, treatment with 100 % oxygen resulted in a sig-
nificantly worse neurological deficit score than oxygen administered at lower
concentrations, with a standardized mean difference of -0.64 (95 % CI -1.06 to
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-0.22). In four of five studies, histological evidence of increased neuronal damage
was present in animals that received 100 % oxygen therapy. The administration of
100 % oxygen therapy was therefore associated with worse neurological outcome
than lower oxygen concentrations in animal models of cardiac arrest [21].

However, human data are limited [22–24]. There are conflicting findings from
observational studies regarding the nature of the association between hyperoxia
and risk of mortality in patients admitted to intensive care following cardiac arrest.
The only prospective randomized clinical trial comparing different inspired oxy-
gen concentrations in post-cardiac arrest patients was underpowered to detect a
difference in survival or neurologic outcome. More recently, a retrospective
analysis of data from a multicenter registry found that initial arterial hyperoxemia
(paO2 C 300 mmHg) was associated with increased mortality and worse func-
tional outcome in patients admitted to the intensive unit care after cardiac arrest.
The existing evidence, though limited, has contributed to new guidelines for
oxygen therapy in patients resuscitated from cardiac arrest. The benefit of sup-
plemental oxygen during cardiopulmonary resuscitation remains uncertain. How-
ever, in patients who achieve resuscitation after cardiac arrest, available evidence
supports adjusting inspired oxygen content to avoid arterial hyperoxemia while
providing adequate arterial oxyhemoglobin saturation. This strategy is likely to be
most effective when initiated as soon as possible and appears to be most important
during the first hours after resuscitation. Definitive clinical trials are needed to
determine the ultimate impact on outcome.

23.3.4 Cardioprotection

The National Heart, Lung, and Blood Institute convened a Workshop on Sep-
tember 20–21, 2010, called ‘‘New Horizons in Cardioprotection,’’ to identify
future research directions for cardioprotection against ischemia and reperfusion
injury. Since the early 1970s, there has been evidence that the size of a myocardial
infarction (MI) could be altered by various interventions. Early coronary artery
reperfusion has been an intervention that consistently reduces myocardial infarct
size in animal models as well as in humans. Pharmacological adjunctive therapies
have failed to either reduce infarct size or improve clinical outcome. However,
some adjunctive therapies have shown promise in data subanalyses or subpopu-
lations of clinical trials (adenosine, therapeutic hypothermia, and hyperoxemic
reperfusion) or in small clinical trials (atrial natriuretic peptide, ischemic post-
conditioning, and cyclosporine, the mitochondrial permeability transition pore
inhibitor) [25]. Indeed, over the past 30 years, hundreds of experimental inter-
ventions (both pharmacological and nonpharmacological) have been reported to
protect the ischemic myocardium in experimental animals; however, with the
exception of early reperfusion, none of them has been translated succesfully into
the clinical practice.
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The National Heart, Lung, and Blood Institute convened a working group to
discuss the reasons for the failure to translate potential therapies for protecting the
heart from ischemia and reperfusion and to recommend new approaches to
accomplish this goal. The Working Group concluded that cardioprotection in the
setting of acute myocardial infarction, cardiac surgery, and cardiac arrest was at a
crossroad. Present basic research approaches to identify cardioprotective therapies
are inefficient and counterproductive. For three decades, significant resources have
been invested in single-center studies that have often yielded inconclusive results.
A new paradigm is needed to obviate many of the difficulties associated with
translation of basic science findings. The Working Group urged a new focus on
translational research that emphasizes efficacy and clinically relevant outcomes,
and recommended the establishment of a system for rigorous preclinical testing of
promising cardioprotective agents with clinical trial-like approaches (i.e., blinded,
randomized, multicenter, and adequately powered studies using standardized
methods). Accordingly, a national preclinical research consortium would enable
rational translation of important basic science findings into clinical use [26].

23.3.5 Vasopressor Agents for Cardiopulmonary Resuscitation

The primary goal of cardiopulmonary resuscitation is to reestablish blood flow to
vital organs until spontaneous circulation is restored. Adrenergic vasopressor
agents produce systemic vasoconstriction. This increases aortic diastolic pressure,
and consequently, coronary and cerebral perfusion pressures. The pharmacologic
responses to the adrenergic agents are mediated by a group of receptors that are
classified as alpha (alpha), including alpha1 and alpha2, and beta (beta), including
beta1 and beta2. Epinephrine, which has each of these adrenergic actions, has been
the preferred adrenergic agent for the management of cardiac arrest for almost
40 years. Its primary efficacy is due to its alpha-adrenergic vasopressor effects.
This contrasts with its beta-adrenergic actions, which are inotropic, chronotropic,
and vasodilator. Accordingly, beta-adrenergic actions prompt increases in myo-
cardial oxygen consumption, ectopic ventricular arrhythmias, and transient hyp-
oxemia due to pulmonary arteriovenous shunting. This may account for the failure
to demonstrate that epinephrine improves ultimate outcome in human victims of
cardiac arrest. Accordingly, epinephrine, the primary pharmacological intervention
in the treatment of cardiac arrest, improves only the immediate outcome [27].
Major interest has more recently been focused on selective alpha-adrenergic
agonists [28]. Both alpha1-agonists and alpha2-agonists are peripheral vasopres-
sors. However, rapid desensitization of alpha1-adrenergic receptors occurs during
cardiopulmonary resuscitation. Moreover, alpha1-adrenergic receptors are present
in the myocardium, and beta1-agonists, like beta-adrenergic agonists, increase
myocardial oxygen consumption. If they cross the blood–brain barrier, alpha2-
adrenoceptor agonists also have centrally acting vasodilator effects. In the absence
of central nervous system access, alpha2-adrenergic agonists have selective
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peripheral vasoconstrictor effects. Experimentally, these selective alpha2-agonists
have been reported to be as effective as epinephrine for initial cardiac resuscitation
and have the additional advantage of minimizing myocardial oxygen consumption
during the global myocardial ischemia of cardiac arrest. The effects of selective
alpha[2]-adrenergic agonist alpha-methylnorepinephrine (alpha-MNE) on the ini-
tial success of resuscitation and post-resuscitation myocardial function were
compared with nonselective alpha- and beta-adrenergic epinephrine in a swine
model of cardiac arrest. Ejection fraction was reduced by 35 % and 14 % by
epinephrine and alpha-MNE, respectively, after resuscitation. Epinephrine and
alpha-MNE increased post-resuscitation heart rate by 38 % and 15 %, respec-
tively. Accordingly, significantly less post-resuscitation impairment followed the
administration of alpha-MNE [29]. The combination of epinephrine and vaso-
pressin may be effective, but has been incompletely studied. Clinical trials of
vasopressor agents, which minimize direct myocardial effects are needed [30].

23.3.6 Na+/H+ Channelpathies and Pharmacological Defibrillation

Voltage-gated Na(+) channels are essential for the amplitude and upstroke velocity
of the cardiac action potential, which are important determinants for impulse
propagation and impulse conduction velocity throughout the working myocar-
dium. Mutations in the major cardiac Na(+) channel gene SCN5A have been
implicated in rare, familial forms of cardiac arrhythmias, namely LQT3, Brugada
syndrome, progressive cardiac conduction disorder, and sudden infant death syn-
drome. Indeed, it is now recognized that mutations that increase Na+ current (INa)
delay cardiac repolarization, prolong action potential duration, and cause long QT
syndrome, while mutations that reduce INa decrease cardiac excitability, reduce
electrical conduction velocity, and induce Brugada syndrome, progressive cardiac
conduction disease, sick sinus syndrome, or combinations thereof. Recently,
mutation-induced INa dysfunction was also linked to dilated cardiomyopathy,
atrial fibrillation, and sudden infant death syndrome. It is increasingly recognized
that such mutations, apart from changing channel gating characteristics, may also
be related to changes in channel protein trafficking and expression. Regulation of
ion channel protein expression depends on a fine-tuned balance among various
processes, such as gene transcription, RNA processing, protein synthesis, assembly
and post-translational modification, the transport to the cell surface, the anchoring
to the cytoskeleton, and regulation of endocytosis and controlled degradation of
the protein [31]. While clinical and genetic studies have laid the foundation for our
understanding of cardiac sodium channelopathies by establishing links between
arrhythmogenic diseases and mutations in genes that encode various subunits of
the cardiac sodium channel, biophysical studies (particularly in heterologous
expression systems and transgenic mouse models) have provided insights into the
mechanisms by which INa dysfunction causes disease in such channelopathies.
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Amin and coworkers described the structure and function of the cardiac sodium
channel and its various subunits, summarizing major cardiac sodium channelop-
athies and the current knowledge concerning their genetic background and
underlying molecular mechanisms, and discussing recent advances in the dis-
covery of mutation-specific therapies in the management of these channelopathies
[32, 33]. Indeed, the concept of Na+-H+ exchange (NHE) involvement in cardiac
pathology has been exposed for decades and supported by a plethora of experi-
mental studies demonstrating salutary effects of NHE inhibition in protecting the
myocardium against ischemic and reperfusion injury as well as attenuating myo-
cardial remodeling and heart failure. NHE is actually a family of sodium and
proton transporting proteins of which 10 isoforms have been identified. Myocar-
dial NHE is represented primarily by the ubiquitous NHE-1 subtype which is
expressed in most tissues. The robust positive results seen with NHE-1 inhibitors
in experimental studies have led to a relatively rapid development of these phar-
macological agents for clinical assessment, especially as potential cardioprotective
therapies. Episodes of VF and myocardial dysfunction commonly occur after
cardiac resuscitation compromising the return of stable circulation. Gazmuri and
coworkers investigated in a pig model of VF whether limiting Na(+)-induced
cytosolic Ca(2 +) overload using the sarcolemmal (NHE-1) inhibitor cariporide.
Cariporide administered at the start of chest compression helped to restore elec-
trically and mechanically stable circulation after resuscitation from cardiac arrest
[34].

The EXPEDITION study addressed the efficacy and safety of inhibiting the
NHE-1 by cariporide in the prevention of death or MI in patients undergoing
coronary artery bypass graft surgery. The premise was that inhibition of NHE-1
limits intracellcular Na+ accumulation and thereby limits Na/Ca-exchanger-med-
iated calcium overload to reduce infarct size. Surprisingly, the incidence of death
or MI was reduced from 20.3 % in the placebo group to 16.6 % in the treatment
group (p = 0.0002). Paradoxically, MI alone declined from 18.9 % in the placebo
group to 14.4 % in the treatment group (p = 0.000005), while mortality alone
increased from 1.5 % in the placebo group to 2.2 % with cariporide (p = 0.02).
The increase in mortality was associated with an increase in cerebrovascular
events. Unlike the salutary effects that were maintained at 6 months, the difference
in mortality at 6 months was not significant. As a result of the increased mortality
associated with an increase in cerebrovascular events, it was considered unlikely
that cariporide would have been used clinically [35].

23.3.7 Amplitude Spectrum Area

High quality cardiopulmonary resuscitation and prompt defibrillation when
appropriate (i.e., in VF and pulseless ventricular tachycardia) are currently the best
early treatment for cardiac arrest. In cases of prolonged cardiac arrest due to
shockable rhythms, it is reasonable to presume that a period of CPR before
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defibrillation could partially revert the metabolic and hemodynamic deteriorations
imposed on the heart by the no flow state, thus increasing the chances of successful
defibrillation. Despite supporting early evidences in cardiac arrest cases in which
Emergency Medical System response time was longer than 5 min, recent studies
have failed to confirm a survival benefit of routine CPR before defibrillation.
These data have imposed a change in guidelines from 2005 to 2010. Taking into
account all the variables encountered when treating cardiac arrest (heart condition
before cardiac arrest, time elapsed, metabolic and hemodynamic changes, efficacy
of CPR, responsiveness to defibrillation attempt), it would be helpful to have a
real-time and noninvasive tool able to predict the chances of defibrillation success
[36].

In a recent study by Ristagno and coworkers the efficacy of an electrocardio-
graphic parameter, ‘‘amplitude spectrum area’’ (AMSA), to predict the likelihood
that any one electrical shock would restore a perfusing rhythm was investigated
during cardiopulmonary resuscitation in human victims of out-of-hospital cardiac
arrest [37]. AMSA analysis is not invalidated by artifacts produced by chest
compression and thus it can be performed during CPR, avoiding detrimental
interruptions of chest compression and ventilation. Analysis was performed on a
database of electrocardiographic records, representing lead 2 equivalent recordings
from AEDs including 210 defibrillation attempts from 90 victims of out-of-hos-
pital cardiac arrest. AMSA values were significantly greater in successful defi-
brillation (restoration of a perfusing rhythm), compared to unsuccessful
defibrillation (P \ 0.0001). An AMSA value of 12 mV Hz was able to predict the
success of each defibrillation attempt with high sensitivity and specificity. AMSA,
indeed, represents a clinically applicable method, which provides a real-time
prediction of the success of defibrillation attempts. AMSA may minimize the
delivery of futile and detrimental electrical shocks, reducing thereby post-resus-
citation myocardial injury. Recent evidences have suggested that ECG waveform
analysis of VF, such as the derived Amplitude Spectrum Area, can fit the purpose
of monitoring the CPR effectiveness and predicting the responsiveness to defi-
brillation. While awaiting clinical studies confirming this promising approach,
CPR performed according to high quality standard and with minimal interruptions
together with early defibrillation are the best immediate ways to achieve resus-
citation [38].

23.3.8 Brain Ischemia and Reperfusion

Brain damage accompanying cardiac arrest and resuscitation is frequent and
devastating. Neurons in the hippocampal CA1 and CA4 zones and cortical layers
III and V are selectively vulnerable to death after an ischemia and reperfusion
injury. Ultrastructural evidence indicates that most of the structural damage is
associated with reperfusion, during which the vulnerable neurons develop disag-
gregation of polyribosomes, peroxidative damage to unsaturated fatty acids in the
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plasma membrane, and prominent alterations in the structure of the Golgi appa-
ratus that is responsible for membrane assembly. Reperfusion is also associated
with prominent production of messenger RNAs for stress proteins and for the
proteins of the activator protein-1 complex, but vulnerable neurons fail to effi-
ciently translate these messages into the proteins. The inhibition of protein syn-
thesis during reperfusion involves alteration of translation initiation factors,
specifically serine phosphorylation of the alpha-subunit of eukaryotic initiation
factor-2 (elF-2 alpha). Growth factors—in particular, insulin—have the potential
to reverse phosphorylation of elF-2 alpha, promote effective translation of the
mRNA transcripts generated in response to ischemia and reperfusion, enhance
neuronal defenses against radicals, and stimulate lipid synthesis and membrane
repair. There is now substantial evidence that the insulin-class growth factors have
neuron-sparing effects against damage by radicals and ischemia and reperfusion.
This new knowledge may provide a fundamental basis for a rational approach to
‘‘cerebral resuscitation’’ that will allow substantial amelioration of the often dismal
neurologic outcome now associated with resuscitation from cardiac arrest [39].

Recommendations represent the most extensive and rigorous systematic review
of the resuscitation literature to date. Current guideline recommendations include
the induction of mild therapeutic hypothermia for comatose cardiac arrest survi-
vors. Accordingly, constituent national member associations of International
Liaison Committee on Resuscitation (ILCOR), including the American Heart
Association, incorporated the recommendation for therapeutic hypothermia into
their respective guidelines. Despite these endorsements there is a concern that
therapeutic hypothermia is not being used consistently in the clinical practice. Data
from a number of surveys in Europe and the United States suggest that rates of use
of hypotermia may be as low as 30–40 % of instances. Despite the cost and effort
associated with the production of guidelines and the potential impact on patient
care, current efforts in implementing the guideline have not achieved widespread
success [40].

23.3.9 Therapeutic Hypothermia

The estimated number of out-of-hospital care arrest cases is about 300,000 per
year in the United States. Two landmark studies published in 2002 demonstrated
that the use of therapeutic hypothermia after cardiac arrest decreased mortality and
improved neurologic outcome. Based on these studies, the ILCOR and the
American Heart Association recommended the use of therapeutic hypothermia
after cardiac arrest. Therapeutic hypothermia is defined as a controlled lowering of
core body temperature to 32–34 �C. This temperature goal represents the optimal
balance between clinical effect and cardiovascular toxicity. Therapeutic hypo-
thermia does require resources to be implemented, including device, close nursing
care, and monitoring. It is important to select patients who have potential for
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benefit from this technique which is a limited resource and carries potential
complications.

Good neurologic outcome after cardiac arrest is hard to achieve. Interventions
during the resuscitation phase and treatment within the first hours after the event
are critical. Therapeutic hypothermia following return of spontaneous circulation
has been advocated for decades prior to its clinical acceptance [41]. More than a
decade ago it has been reported that young and healthy people underwent acci-
dental deep hypothermia with cardiac arrest were able to survive with no or
minimal cerebral impairment even after prolonged cardiac arrest. The concept of
hypothermia for reducing either or both ischemic and reperfusion injury of the
brain represents a pioneering contribution of the late Professor Peter Safar and the
persistence of his efforts through his students, and especially Professor Fritz Sterz
[42–44]. In 1996, Professor Safar induced hypothermia by instilling Ringer’s
solution maintained at a temperature of 4 �C into the abdominal cavity of dogs
after resuscitation from cardiac arrest. Cooling was maintained for 12 h. Func-
tional recovery was associated with minimal histological brain damage [41]. More
recent investigations provided evidence that even better neurological and cardiac
outcomes may be achieved if hypothermia is begun during CPR. Rapid and
selective head cooling has been specifically investigated by our group. Head
cooling reduced jugular venous temperature by 3.7 �C over an interval of 5 min
during experimental CPR and significantly increased the likelihood of resuscita-
tion, minimized post-resuscitation neurological deficit and myocardial dysfunc-
tion, and resulted in significantly greater 96 h functional survival [44].

More recently, a collaborative team approach involving physicians and nurses
is critical for successful development and implementation of therapeutic hypo-
thermia. In 2004, the ‘‘Advanced Cardiac Admission Program’’ was launched at
the St. Luke’s Roosevelt Hospital Center of Columbia University in New York.
The program consisted of a series of projects, which have been developed to
bridge the gap between published guidelines and implementation during ‘‘real
world’’ patient care. The pathway was divided into three steps: Step I, from the
field through the emergency department into the cardiac catherization laboratory
and to the critical care unit; Step II, induced invasive hypothermia protocol in the
critical care unit (this step was divided into three phases: 1, invasive cooling for
the first 24 h; 2, rewarming; 3, maintenance); Step III, management post the
rewarming phase, including the recommendation for out-of-hospital therapy and
the ethical decision to define goal of care [45].

Arrich and coworkers performed a systematic review and meta-analysis to
assess the effectiveness of therapeutic hypothermia in patients after cardiac arrest.
The authors searched the following databases: the Cochrane Central Register of
Controlled Trials (CENTRAL) (The Cochrane Library, 2007 Issue 1); MEDLINE
(1971 to January 2007); EMBASE (1987 to January 2007); CINAHL (1988 to
January 2007); PASCAL (2000 to January 2007); and BIOSIS (1989 to January
2007). The authors included all randomized controlled trials assessing the effec-
tiveness of the therapeutic hypothermia in patients after cardiac arrest without
language restrictions. Studies were restricted to adult populations cooled with any
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cooling method applied within 6 h of cardiac arrest. Overall, four trials and one
abstract reporting on 481 patients were included in the systematic review. Quality
of the included studies was good in three out of five included studies. For the three
comparable studies on conventional cooling methods all authors provided indi-
vidual patient data. With conventional cooling methods patients in the hypother-
mia group were more likely to reach a best cerebral performance categories score
of one or two (CPC, five-point scale; 1 = good cerebral performance, to 5 = brain
death) during hospital stay (individual patient data; RR, 1.55; 95 % CI 1.22–1.96)
and were more likely to survive to hospital discharge (individual patient data; RR,
1.35; 95 % CI 1.10–1.65) compared to standard post-resuscitation care. Across all
studies there was no significant difference in reported adverse events between
hypothermia and control. The authors concluded that conventional cooling
methods to induce mild therapeutic hypothermia seemed to improve survival and
neurologic outcome after cardiac arrest. The review supported the current best
medical practice as recommended by the International Resuscitation Guidelines
[46].

23.3.10 Kynurenine Pathway

Post-stroke inflammation may induce upregulation of the kynurenine (KYN)
pathway for tryptophan (TRP) oxidation, resulting in neuroprotective (kynurenic
acid, KA) and neurotoxic metabolites (3-hydroxyanthranillic acid, 3-HAA).
Brouns and coworkers investigated whether activity of the kynurenine pathway in
acute ischemic stroke was related to initial stroke severity, long-term stroke out-
come, and the ischemia-induced inflammatory response. Plasma concentrations of
TRP and its metabolites were measured in 149 stroke patients at admission, at
24 h, at 72 h, and at day 7 after stroke onset. Indeed, the activity of the kynurenine
pathway for TRP degradation in acute ischemic stroke correlated with stroke
severity and long-term stroke outcome. Accordingly, TRP oxidation was related to
the stroke-induced inflammatory response [47].

More recently, Ristagno and coworkers measured TRP and KYN metabolites
concentrations in plasma from rats, pigs, and humans after cardiac arrest in order
to assess KYN pathway activation and its potential role in post-resuscitation
outcome [48]. KYN pathway was activated after cardiac arrest in rats, pigs, and
humans. Decreases in TRP occurred during the post-resuscitation period and were
accompanied by significant increases in its major metabolites, 3-hydroxyanthra-
nilic acid (3-HAA) and kynurenic acid in each species, that persisted up to
3–5 days post-cardiac arrest (p \ 0.01). In rats, changes in KYN metabolites
reflected changes in post-resuscitation myocardial function. In pigs, changes in
TRP and increases in 3-HAA were significanlty related to the severity of cerebral
histopathogical injuries. In humans, KYN pathway activation was observed,
together with systemic inflammation. Post-cardiac arrest increases in 3-HAA were
greater in patients that did not survive. In this fully translational investigation, the
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authors concluded that the KYN pathway was activated early following resusci-
tation from cardiac in rats, pigs, and humans, and might have contributed to post-
resuscitation outcome.

23.4 Future Direction and Perspectives

The quality of education and frequency of training retraining are critical factors in
improving the effectiveness of resuscitation. Resuscitation programs should sys-
tematically monitor cardiac arrests, the quality of resuscitation care provided, and
the outcome. This information is necessary to optimize resuscitation care and
improve the resuscitation performance [49].

Teaching strategies should be evaluated and compared on the basis of how well
learners achieve predefined teaching outcomes. Unfortunately, there is not a single
method suitable for all circumstances. CPR consists of cognitive as well as team
and psychomotor skills. Hence, it might be beneficial to learn and train the dif-
ferent aspects of CPR in different modes and at different times.

Moreover, health education specialists have the training and the experience to
engage in and facilitate translational research, as well as the opportunity to learn
from the translational efforts of other professions and enhance research, practice,
and community partnerships through translational efforts [50].
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